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Zusammenfassung
Einleitung und Motivation
Partikelemissionen aus anthropogenen Quellen sind seit einiger Zeit verstärkt Gegenstand
der öffentlichen Diskussion und wissenschaftlicher Untersuchungen. Ein Grund dafür
sind die Ergebnisse zahlreicher epidemiologischer Studien, i die negativen Auswirkun-
gen von verkehrsbedingten Partikelemissionen auf die menschliche Gesundheit zeigen
(Dockery et al., 1993). Von besonderem Interesses sind dabei ie ultrafeinen Aerosolpar-
tikel mit Durchmessern kleiner als 100 nm, da sie die menschliche Gesundheit stärker
schädigen als größere Partikel (Oberdörster, 2001; Ibald-Mulli et al., 2002). Typische
Auswirkungen sind: Herz-, Kreislauf- und Atemwegserkranku gen bis hin zu erhöhter
Sterblichkeit (Sydbom et al., 2001). Dieselfahrzeuge sindei e der wichtigsten Quelle für
den Ausstoß von feinen und ultrafeinen Partikeln im innerstädtischen Bereich. Dabei ist die
genaue Kenntnis über Konzentration und Größe der Partikelemissionen unter realistischen
Bedingungen von großer Bedeutung, z.B. für die Festlegung vo Grenzwerten. Sowohl
primär emittierte Partikel, überwiegend Ruß, als auch sekundär gebildete ultrafeine Par-
tikel kleiner als 20 nm sind dabei von Interesse.
Messungen von Aerosolpartikeln an verkehrsbeeinflussten Sta dorten haben gezeigt,
dass neben den Primäremissionen hohe Konzentrationen an ultr feinen Partikeln gemessen
werden (z.B. Wehner et al. (2002); Ketzel et al. (2003)). DerNachteil dieser Messungen
ist, dass die Partikelemissionen nicht einem speziellen Fahrzeug oder Fahrzeugtyp zugeord-
net werden können, sondern die Gesamtheit aller Emissionenerfasst wird und diese auch
nicht von der vorhandenen Hintergrundkonzentration getrennt werden kann. Zur Charak-
terisierung der Emissionen individueller Fahrzeuge gibt es s it längerem Messungen auf
Rollenprüfständen (z.B. Maricq et al. (2001)). Der Vorteildieser Untersuchungsmethode
ist, dass die Emissionen eines einzelnen Fahrzeuges individuell unter kontrollierten Bedin-
gungen untersucht werden können. Ein Nachteil ist, dass diedab i gewählte Abgasverdün-
nung, wie z.B. relative Feuchte und Temperatur der Verdünnungsl ft sowie der gewählte
Verdünnungsfaktor nicht den realen atmosphärischen Bedingungen entspricht. Die Ab-
gasverdünnung beeinflusst die Bildung der Sekundärpartikel (z.B. Mathis et al. (2004b)).
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Um vergleichbare Ergebnisse zu erhalten, wird die Verdünnung häufig so gewählt, dass die
Bildung der Sekundärpartikel verhindert wird.
Im Vergleich zu den Messungen an der Straße, gab es deutlich unterschiedliche Ergeb-
nisse: In den Messungen an verkehrsbeeinflussten Standortewurde das Maximum in der
Größenverteilung der Partikelanzahlkonzentration im Bereich zwischen 10 und 20 nm ge-
funden und den sekundär gebildeten Partikeln zugeordnet. IMessungen auf dem Rollen-
prüfstand können diese Größenverteilungen nur zufällig reproduziert werden, da die Bil-
dung der Sekundärpartikel in hohem Maße von der gewählten Abgasverdünnung abhängt.
Deshalb wäre der Einsatz einer Methode wünschenswert, die in ividuelle Untersuchun-
gen einzelner Fahrzeuge unter Umgebungsbedingungen ermöglicht. Ein erster Ansatz dazu
sind die so genannten Verfolgungsexperimente (chasing experiments). Dabei folgt ein
Messfahrzeug, ausgestattet mit unterschiedlichen Messgeräten dem Fahrzeug dessen Ab-
gas untersucht werden soll (z.B. Vogt et al. (2003); Giechaskiel et al. (2005)). Der Nachteil
dieser Methode ist, dass die Probenahme erst in einem relativ weitem Abstand möglich ist
(ca. 10-14 m bei 120 km h−1) und der Grad der Verdünnung mit Umgebungsluft meist
unbekannt ist.
Ziel dieser Arbeit war daher ein Messsystem zu entwickeln, das eine Charakterisierung
der Verdünnungs- und Transformationsprozesse der Abgasfahne sowie die Messung der
Partikelanzahlgrößenverteilung in der Abgasfahne in einem kurzen Abstand zum Aus-
puff ermöglicht. Dabei sollten die Messungen unter atmosphärischen Verdünnungsver-
hältnissen und realistischen Fahrbedingungen stattfinden. Die im Folgenden vorgestellten
Ergebnisse wurden bei verschiedenen Messfahrten sowohl auf der Autobahn als auch im
Stadtverkehr gewonnen. Die Messungen wurden mit einem Diesel-Pkw, der die EURO 3
Abgasnorm erfüllt, sowie einem Benzin-Pkw, der die EURO 4 Abgasnorm erfüllt, durchge-
führt. Außerdem wurden Emissionsfaktoren für die Partikelanzahl sowohl für den Diesel-
Pkw als auch für den Benzin-Pkw berechnet bzw. abgeschätzt.Bisher gibt es nur sehr
wenige Studien in denen Emissionsfaktoren für die Partikelanzahl für Diesel-Pkws unter
realistischen Fahrbedingungen bestimmt wurden (z.B. Vogtet al. (2003); Kittelson et al.
(2004)). Für Benzin-Pkws sind keine Studien bekannt.
Aufbau des Messsystems und Experimente
Die Instrumente für die Messung der Partikelanzahlgrößenverteilung, die Konzentrationen
der Spurengase Kohlendioxid (CO2) und der Stickoxide NO und NO2 sowie die Datenerfas-
sung und Komponenten für die Stromversorgung befanden sichim Kofferraum des Mess-
fahrzeuges. An der Heckklappe war ein Fahrradträger montiert, an dem die Einlässe und
Sensoren befestigt waren. Der horizontale Abstand zwischen dem Einlasssystem und dem
Auspuff sowie der vertikale Abstand zwischen dem Einlasssytem und der Straßenober-
fläche waren innerhalb von ca. einem bzw. einem halben Meter frei wählbar.
Folgende Größen wurden im Abgasstrom gemessen: die Größenvert ilung der Par-
tikelanzahl mittels eines Partikelgrößenspektrometers (Scanning Mobility Particle Sizer -
SMPS) (dp = 7-400 nm), die CO2-, NO- und NO2-Konzentrationen mit einem Multigas-
Emissionsanalysator, die Abgastemperatur mit Thermoelementen und Vaisala Temperatur-
und Feuchtesensoren, mit denen auch die relative Feuchte gem ss n wurde. Außer-
dem wurde die absolute Feuchte mit einem Lyman-α Hygrometer und die Strömungs-
geschwindigkeit mit einem Prandtl-Rohr gemessen.
Die Messfahrten fanden zwischen Oktober 2004 und April 2005statt. Ein Teil der
Experimente wurde auf einer Autobahn (A38) mit geringer Verkeh sdichte, südwest-
lich von Leipzig, durchgeführt. Die Länge der Fahrstrecke betrug ca. 40 km. Diese
Strecke wurde während des Experiments mehrere Male mit jeweils unterschiedlichen
Fahrgeschwindigkeiten und Motordrehzahlen gefahren. DerAbstand des Einlasssystems
zum Auspuff wurde einmal während des Experiments verändert. E betrug ca. 45 cm
und ca. 90 cm. Darüber hinaus fanden Experimente mit beiden Mssfahrzeugen im
Stadtverkehr in Leipzig statt. Dabei wurde eine ausgewählte Strecke von ca. 4 km Länge
mehrere Male durchfahren. Die Fahrgeschwindigkeit war dabei nicht konstant, sondern
abhängig vom Verkehrsfluss.
Ergebnisse
Die in dieser Zusammenfassung präsentierten Ergebnisse für die Autobahn wurden in
einem Abstand von ca. 45 bzw. 90 cm zum Auspuff gemessen. Bei den Stadtmessun-
gen betrug der Abstand zwischen Einlasssystem und Auspuff ca. 40 cm.
Diesel-Pkw Messungen (Autobahn): Die Gesamtanzahlkonzentration der primär emit-
tierten und sekundär gebildeten Partikel im Größenbereichvon 7-400 nm war in hohem
Maße von der Fahrgeschwindigkeit und der Motordrehzahl abhängig. Sie lag, in Ab-
hängigkeit vom jeweiligen Abstand des Einlasssystems zum Aspuff1, bei 5 bzw. 2×106
cm−3 bei einer Geschwindigkeit von 105 km h−1 und einer Motordrehzahl von 2300 U
min−1 (Z1-Fahrt) und bei 25 bzw. 14×106 cm−3 bei einer Geschwindigkeit von 150 km
h−1 und einer Drehzahl von 4000 U min−1 (Z2-Fahrt). Die im Größenbereich von 25-
400 nm emittierten Partikelanzahlkonzentrationen (überwiegend Rußpartikel) waren rel-
ativ unabhängig vom jeweiligen Fahrzustand und betrugen imM ttel 5-6 bzw. 2-3×106
cm−3. Somit wurde die Gesamtpartikelanzahlkonzentration in erster Linie durch die Par-
tikelanzahlkonzentration der sekundär gebildeten Partikel im Größenbereich von 7-25 nm
bestimmt.
Die Größenverteilung der Partikelanzahl war überwiegend uimodal. Der mittlere
Durchmesser für den Rußmode variierte zwischen 40 und 60 nm,in Abhängigkeit von der
1Die höhere Zahl bezieht sich jeweils auf die Messung im kürzeren Abstand.
Fahrgeschwindigkeit und der Motordrehzahl. Ein Nukleationsmode, mit einem mittleren
Durchmesser von 12 nm, war nur bei Z2-Fahrten zu beobachten.
Die mittlere CO2-Konzentration betrug 0.7 bzw. 0.2 Vol.% bei Z1-Fahrten. Bei Z2-
Fahrten war sie mehr als 2-4 mal so hoch, was vor allem am deutlich höheren Kraftstoffver-
brauch in diesem Fahrzustand liegt. Die mittlere NOx Konzentration lag bei Z1-Fahrten bei
3 bzw. 1 ppm und war bei Z2-Fahrten 30 bzw. 50 mal so hoch. Die mittlere Abgastemper-
atur, die mit einem am Auspuff befestigten Thermoelement gemessen wurde, lag zwischen
185 ◦C (Z1-Fahrt) und 295◦C (Z2-Fahrt). In Abhängigkeit vom jeweiligen Fahrzustand
wurde eine unterschiedlich starke Abkühlung der Abgasfahne mit zunehmendem Abstand
zum Auspuff beobachtet. Das lässt auf eine unterschiedlichstarke Durchmischung mit der
Umgebungsluft schließen.
Benzin-Pkw Messungen (Autobahn): In der Abgasfahne des Benzin-Pkws betrug die mit-
tlere Gesamtpartikelanzahlkonzentration ungefähr 4×104 cm−3 bei Fahrten mit 90 km h−1
und 2700 U min−1 (Z1-Fahrt) und 50 bzw. 18×104 cm−3 bei Fahrten mit 150 km h−1
und 4400 U min−1 (Z2-Fahrt). Die in der Abgasfahne gemessene Größenverteilungzeigte
bei Z1-Fahrten eine bimodale Struktur, die der Größenverteilungder Umgebungsluft sehr
ähnlich war. Ein Einfluss der Umgebungsluft, die auch vom übrigen Straßenverkehr beein-
flusst war, auf die Größenverteilung in der Abgasfahne ist daher nicht auszuschließen. Ein
Indiz dafür ist, dass die Partikelanzahlkonzentrationen bi Z1-Fahrten mit zunehmendem
Abstand zum Auspuff zugenommen haben. Der Nukleationsmodehatt einen mittleren
Durchmesser von 10-20 nm. Die Größenverteilung bei Z2-Fahrten war nahezu unimodal.
Die in der Abgasfahne gemessenen CO2-Konzentrationen lagen zwischen 0.8 bzw.
0.2 Vol.% für Z1-Fahrten und 0.9 bzw. 0.4 Vol.% für Z2-Fahrten. Die mittleren CO2-
Konzentrationen sind mit denen vergleichbar, die in der Abgasfahne des Diesel-Pkw
gemessen wurden. Die NOx-Konzentrationen waren im Vergleich zum Diesel-Pkw beim
Benzin-Pkw vernachlässigbar. Der eingebaute Drei-Wege-Katalysator führt zu einer fast
vollständigen Reduktion von NOx im Abgas. Die Abgastemperaturen lagen mit 230◦C
(Z1-Fahrten) bis 420◦C (Z2-Fahrten) deutlich über denen des Diesel-Pkw, was vermutlich
zu einer schnelleren Durchmischung mit der Umgebungsluft führte als die beim Diesel-
Pkw beobachteten.
Stadtmessungen: Die Gesamtpartikelanzahlkonzentration lag bei 6×104 cm−3 für den
Benzin-Pkw. 54% der Partikel wurden im Nukleationsmode und 46% im Rußmode
beobachtet. Beim Diesel-Pkw waren diese Verhältnisse deutlich verschoben. Hier wur-
den 90% der Partikel im Rußmode beobachtet. Die Gesamtpartikelanzahl lag mit 4×106
cm−3 nahezu 2 Größenordnungen über der des Benzin-Pkw. Die Anzahlgrößenverteilung
war bimodal für den Benzin-Pkw und unimodal für den Diesel-Pkw. Parallel zu den Pkw-
Experimenten wurden die Anzahlgrößenverteilungen an zweiIfT-Messstationen erfasst und
mit denen der Pkws verglichen.
Emissionsfaktoren: Aus den Partikelanzahlkonzentration wurden, individuell für die beiden
untersuchten Pkws, Emissionsfaktoren abgeschätzt. Dafürwurden Abgasverdünnungsfak-
toren aus den gemessenen CO2 Konzentrationen mit Hilfe eines Aerosolmodells berech-
net (z.B. Uhrner et al. (2006)). Beim Diesel-Pkw lagen die Emissionsfaktoren zwischen
1×1014 veh−1 km−1 für Z1-Fahrten und 8×1014 veh−1 km−1 für Z2-Fahrten. Die Ein-
heit ’veh−1 km−1’ steht für die Anzahlkonzentration der emittierten Partikel pro Pkw und
gefahrenem Kilometer.
Die weite Spanne der Emissionsfaktoren zeigt die deutlicheAbhängigkeit der Emis-
sionsfaktoren von den jeweiligen Fahrzuständen. Die Unterschiede resultieren hauptsäch-
lich aus den Variationen im Nukleationsmode. Die Emissionsfaktoren für den Benzin-Pkw
waren 2 Größenordnungen kleiner als die für den Diesel-Pkw bestimmten. Die in der vor-
liegenden Arbeit bestimmten Emissionsfaktoren wurden mitdenen aus anderen Studien
verglichen.
Darüber hinaus wurden die Emissionsfaktoren getrennt für den Rußmode und für den
Nukleationsmode berechnet. Eine Unterteilung ist sinnvoll, da Nukleationspartikel nicht
direkt emittiert, sondern sekundär gebildet werden. Aus anderen Studien ist eine solche
Unterteilung nicht bekannt.
Zusammenfassung und Ausblick
Im Rahmen dieser Arbeit wurde ein flexibles Messsystem entwickelt, mit dem Partikele-
missionen direkt in der Abgasfahne eines fahrenden Pkw untersucht werden.
Die Ergebnisse geben Aufschluss über die Verdünnung und dieAusbreitung der Ab-
gasfahne im Nahfeld des Auspuffes. Die Größenverteilung der Partikelanzahl wurde in
Abhängigkeit vom jeweiligen Fahrzustand bestimmt. Die Frage, wann und wo Nukleation-
spartikel kleiner als 20 nm gebildet werden, konnte zum Teilb antwortet werden. Darüber
hinaus bilden die Ergebnisse einen umfangreichen und einzigartigen Datensatz, der z.B.
zur Berechnung von Emissionsfaktoren und als Eingangsparameter für Modellrechnungen
verwendet wurde und verwendet werden kann.
Da das Messsystem individuell einsetzbar ist, wäre z.B. dieMessung der Emissionen
von Dieselfahrzeugen mit Partikelfilter möglich. Dies könnte Aufschluss darüber geben, ob
eine Reduzierung der Rußpartikel zu einer Erhöhung der sekundär gebildeten Nukleation-
spartikel führt. Des weiteren wären Fahrten mit erhöhter Motorlast, z.B. an einem längeren
Anstieg, wünschenswert. Erhöhung der Motorlast führt zu einem Kraftstoffmehrverbrauch,
der sich wiederum auf die emittierten und sekundär gebildeten Partikel auswirkt.
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Anthropogenic air pollution resulting from traffic is an important issue in the daily live
in industrialised countries. More than 47% of the global population lives in urban ar-
eas (Sydbom et al., 2001). Urban air pollution is characterised by high concentrations of
aerosol particles and different gaseous species. The urbanisation led to increased trans-
portation, which is followed by increased emissions such asmotor-vehicle-generated par-
ticulate, carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and volatile
organic compounds (VOCs). In Germany, the fraction of transportation-related emissions
to total emissions in cities was 60% for NOx, 35% for non-methane VOCs, and more than
90% for Diesel soot particles in 1996 (Umweltbundesamt, 2003).Traffic-related emissions
represent the main source of fine and ultrafine particles in the urban area. Their adverse
impact on human health and their influence on the whole ecosystem are in the focus of the
public interest.
Typical particle number concentrations range from 200 cm−3 in marine or clean back-
grounds, 5000 cm−3 in the rural background to between 104 and 105 cm−3 in urban and
traffic-influenced environments (Lowe et al., 1996; Harrison et al., 1999). Particle number
concentrations up to 106 cm−3 occur in very highly polluted areas like major motorways
(Bukowiecki et al., 2003). Typical residence times of aerosol particles in the atmosphere
are on the order of minutes to hours for nucleation and Aitkenmode particles and in the
magnitude of days to two weeks for accumulation mode particles. Particles larger than 100
µm have a high settling rate because of their mass, and therefor , a very short residence time
in the atmosphere. In the nucleation mode, the particle sizeincr ases due to coagulation,
which removes those particles from the nucleation mode and by heterogeneous condensa-
tion of gas vapour onto existing particles. Average nucleation mode particle growth rates
ranged between 1 and 20 nm h−1. Particle growth rates lower than 1 nm h−1 were observed
in polar regions (Kulmala et al., 2004).
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The 3–20 nm particles are often referred to as the ’nucleation m de’ (called some-
times also the ’ultrafine mode’), the ’Aitken mode’ consistsof particles in the 20-90 nm
size range, ’accumulation mode’ particles are in the size range between 90–1000 nm, and
’coarse mode’ particles are larger than 1000 nm (e.g., Kulmala et al. (2004)). Particles
emitted by Diesel and Petrol vehicles follow typically a log-normal, trimodal size distribu-
tion (Kittelson et al., 2000). In the characterisation of vehicle exhaust number size distribu-
tions ’Aitken mode’ particles are often included in ’accumulation mode’ particles and are
not separately specified.
The coarse mode in car exhaust consists mainly of accumulation mode particles that
have been deposited on cylinder and exhaust system surfacesand later removed. It con-
tains 5-20% of the particle mass (e.g., Kittelson (1998). Most of the particle mass exists
in the accumulation mode. These particles consist of carbonceous agglomerates (soot)
and associated adsorbed material. Accumulation mode particles are formed in the engine
during fuel combustion. The mean mode diameter is typically50 to 100 nm depending
on engine design and operating conditions (Harris and Maricq, 2001). Because of the high
fraction of soot particles in the accumulation mode, this mode is also denoted as soot mode
(Maricq et al., 2002). The nucleation mode contains typically 1- 20% of the particle mass
and more than 90% of the particle number. Particles in this mode consist of volatile or-
ganic species and sulphur compounds that form during exhaust dil tion and cooling, and
may also include solid carbon and metal compounds. The nucleation mode is more vari-
able than the soot mode. Its size and number concentration depen s on engine operation,
fuel composition, exhaust dilution and sampling conditions (Maricq et al., 2002). Kittelson
(1998) reported that by number, nearly all particles emitted from Diesel engines as well as
from Petrol engines are smaller than 100 nm. Usually, in roadside as well as chassis dy-
namometer studies number size distributions are measured below 500-700 nm particles in
diameter, and thus, the coarse mode is excluded and a bimodalor unimodal shape of the
number size distribution is observed.
Nucleation mode particles are formed in different ways. Themost widely studied nu-
cleation mechanism is the binary homogeneous nucleation ofwater vapour (H2O) and
sulphuric acid (H2SO4) (Seinfeld and Pandis, 1998). This theory underestimates th for-
mation of nucleation mode particles from vehicle exhaust byseveral orders of magnitude
(Shi and Harrison, 1999; Mathis et al., 2004a). Other mechanisms might be involved in the
formation and growth of nucleation mode particles, e.g., the homogeneous ternary nucle-
ation of sulphuric acid, ammonia, and water, which was report d by, e.g., Napari et al.
(2002) or the ion-induced nucleation in the vehicle exhaust, which was discussed by
Yu and Turco (2000).
Different studies were carried out to study the chemical andphysical composition
of traffic-generated particles (Kittelson, 1998; Vogt et al., 2003; Mathis et al., 2004a)
as well as transformation processes of urban aerosol particles (Kulmala et al., 2001;
Wehner and Wiedensohler, 2003; Longley et al., 2003). The question where and under
which conditions nucleation mode particles are formed could not be answered conclusively
so far.
There is also a large number of epidemiological studies, which ave shown an associa-
tion between ambient levels of air pollution and various adverse health effects, including
mortality, worsening of asthma, chronic bronchitis, respiratory tract infections, ischaemic
heart diseases and stroke (e.g., Donaldson et al. (1998); Oberdörster (2001); Peters et al.
(2004)). Ibald-Mulli et al. (2002) reported that particlessmaller than 100 nm cause adverse
health effects more than larger particles. Therefore, it isimportant to know what the whole
amount of particle emissions of Diesel and Petrol vehicles is. Especially Diesel cars emit
particles smaller than 100 nm (e.g., Morawska et al. (2004)). The fraction of Diesel cars
increased from around 11% in 1996 to 40% in 2005 of newly registered passenger cars in
Germany. The driving performance of Diesel passenger cars will represent 29% of the total
passenger car driving performance in 2010 and 36% in 2020 (Umweltbundesamt, 2003).
At present, the fraction of Diesel cars of the whole passenger car fleet is approximately
20-25%. For example, Morawska et al. (2005) estimated emission factors for different
fuels used in an indirect way. They required model calculations and exact data about
the fleet composition was necessary. Up to now, no studies that directly measured the
particle emissions of both Diesel and Petrol cars were carried out under realistic on-road
conditions. Moreover, estimated emission factors were notdivided into nucleation mode
particles and soot mode particles.
In addition to aerosol particles, car traffic emits a varietyof noxious gases like car-
bon monoxide (CO), carbon dioxide (CO2), and nitrogen oxide (NOx). The importance of
these trace gases shall be introduced in the following.
Carbon dioxide is one of the most important so-called greenhouse gases. Its global av-
erage concentration is around 380 ppmv in the atmosphere andcorrelates positively with
the average global temperature. The increase of global CO2 concentration due to anthro-
pogenic fossil fuel combustion is more than 1 ppmv per year (Graedel and Crutzen, 1994;
Wayne, 1991).
Other chemical species that are produced during fuel combustion are nitrogen oxides
(NOx). The term NOx means the sum of NO (nitric oxide) and NO2 (nitrogen dioxide)
concentrations. NO and NO2 concentrations are in equilibrium during daytime in the at-
mosphere. The ratio of NO to NO2 is determined by the intensity of sunlight and the
atmospheric ozone concentration. NO is a toxic air pollutant, which is emitted directly by
car engines. It is a free radical that quickly reacts with RO2 (peroxy-) radicals to form the
toxic nitrogen dioxide (NO2). Both gases, NO and NO2, play a major role in the tropo-
spheric ozone cycle. Concentrations of tropospheric ozoneas well as NOx are important
because of their toxicity and negative health effects, especially in the respiratory tract.
In general, a clear reduction of the NOx concentration has been observed in German
cities and the urban background since 1990. The concentration decrease was in some
places between 30 and 40%. This trend is not observable in NO2 and O3 concentration
data (Rabl and Scholz, 2005). An mean limit value of the ambient NO2 concentration
will be introduced in the European Union in 2010. This limit value of annual 40µg m−3
will probably not be adhered to in many places in Germany (Scholz, 2006). Thus, the
knowledge about the traffic-emitted NO and NO2 concentrations are of public interest.
Traffic-related exhaust particles can be measured in different ways:
1. Chassis dynamometer experiments (e.g., Maricq et al. (2001); Mathis et al. (2004b))
2. Roadside and tunnel measurements (e.g., Wehner et al. (2002); Ketzel et al. (2003);
Gidhagen et al. (2003))
3. On-road chase experiments (e.g., Kittelson et al. (2000); Vogt et al. (2003);
Giechaskiel et al. (2005))
On chassis dynamometers, the primary emission of an individual vehicle can be studied
directly under controlled conditions such as engine load, cr speed engine speed, and di-
lution. However, the disadvantages of such investigationsare that the dilution process
determined by the dilution ratio, the relative humidity andtemperature of the dilution air is
in general not identical with atmospheric conditions. For instance, nucleation mode parti-
cles observed in on-road chase experiments have not been reproduced in a comparable and
repeatable manner on chassis dynamometers (Mathis et al., 2004b).
The advantage of urban area measurements is that primary particles as well as those,
which are secondarily formed from emitted gases can be studied under real-atmospheric
dilution and on-road driving conditions. On the other hand,measured emissions are those
from the mixed vehicle fleet and they cannot be associated with certain types of vehicles,
which is a disadvantage of this kind of measurements.
A third way to measure traffic-related particle emissions are on-road chasing exper-
iments. Thereby, a mobile laboratory (ML) follows an indiviual vehicle and measures
their emissions. The disadvantage is that the distance between the ML and the tailpipe is at
least a few metres (e.g., 10-14 m), and so far, dilution and transformation processes occur-
ring within the freshly emitted exhaust plume after leavingthe tailpipe in a relatively short
distance (e.g., 0.5-1 m) to the tailpipe have not been investigated.
Moreover, the number size distributions of particles observed in chassis dynamometer
measurements as well as car chasing experiments could not satisfactorily explain the
observed bimodal shape of the number size distributions obtained in street canyons and
urban areas.
The current work arose in the context of the project "Transformation of particulate
vehicle emissions and is precursors within the exhaust plume" supported by the Deutsche
Forschungsgesellschaft (DFG). The intention was the investigation of transformation and
dilution processes of aerosol particles, trace gases, and thermodynamic parameters within
the first meter of the turbulent exhaust stream of a passengercar under realistic on-road
conditions. The aim of this project was also to find a link between the laboratory and urban
area measurements. The most important question was thereby, where and under which
conditions nucleation mode particles smaller than 20 nm areformed.
The main study was based on particle emissions of a Diesel passenger car. In the
course of the project this task was extended and experimentswith a Petrol passenger car
were carried out. In Germany, the percentage of Petrol cars is much higher than for Diesel
cars (Umweltbundesamt, 2003). However, the exhaust of Diesel cars are associated with
adverse health effects due to the occurrence of soot particles as well as a global warming
effect (e.g., Jacobson (2002)).
To perform the measurements under realistic on-road conditi s, a flexible measure-
ment system was developed, which could be placed inside of the car boot. The particle
number size distribution was measured in a size range from 7 to 400 nm with a Scanning
Mobility Particle Sizer system, the trace gases NOx and CO2 were measured with a Multi-
gas Emission Analyser, and thermodynamic parameters like temperature and flow velocity
were measured with different sensors. The whole measurement platform as well as the
different devices and sensors are described in Chapter 2.
Experiments with a Diesel and a Petrol passenger car were caried out on a public
motorway and in local urban traffic. The performance of the experiments, the locations,
and the meteorological conditions which were experienced during the experiments are
described in Chapter 3. The results received in the individual experiments are introduced
and discussed in Chapters 4 - 6. Furthermore, particle number emission factors for the
Diesel and the Petrol car were estimated. Emission factors are summarised in Chapter
7 and compared with emission factors estimated in other studies. Beside the estimation
of total emission factors, emission factors were also estimated separately for nucleation
mode particles and soot/accumulation mode particles. Finally, a summary and an outlook
is given in Chapter 8.
In addition to results of particle number concentration measurements, thermody-
namic parameters and trace gases are investigated in detail. Thermodynamic parameters
are particularly useful to describe the dilution and spreading of the exhaust plume after
leaving the tailpipe as well as to get an idea of the development of the plume under realistic
on-road conditions. Laboratory tailpipe dilution methodsdo not reproduce atmospheric
dilution conditions (Vogt et al., 2003). These data are usefl and necessary as input in
a computational fluid dynamics (CFD) aerosol model, which simulates the dilution and
aerosol dynamics within a Diesel car exhaust plume (Uhrner et al., 2004). Even if not all
open questions concerning nucleation processes could be answered, the experiments were
unique in their arrangement and implementation. The variety of he measured parameters
is unique, and therefore, the complexity of the obtained data.
Chapter 2
Instrumentation
During the experiments, various parameters were measured:th particle number size dis-
tribution, trace gases, the exhaust temperature, the relative and the absolute humidity, and
the flow velocity of the exhaust stream. The different instruments and sensors, which mea-
sured this variety of parameters are summarised in Table 2.1and are described in more
detail in the following subchapters.
Table 2.1:Summary of instruments used during the measurements and their specifications.
Measurement Measurement Time Measured
instruments range resolution parameter
Scanning Mobility 7 ... 400 nm 60 s (city) Particle number
Particle Sizer 90 s (A38) size distribution
Vaisala Humicap 0 ... 100% 5 s Relative humidity
Sensor - 40 ... 180◦C 5 s Temperature
Lyman-α hygrometer 0 ... 12 g m−3 10 ms Absolute humidity
Thermocouple Type K - 25 ... 550◦C 10 ms Temperature
Prandtl Pitot Tube 0 ... 40 m s−1 10 ms Total and static pressure
Multi-gas Emission 0 ... 1000 ppmv 10 s NO / NOx
Analyser 0 ... 250 ppmv 10 s NO2
(CLIR 2M) 0 ... 10000 ppmv 15 s CO2
0 ... 5 vol.% 15 s CO2
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2.1 Particle number size distribution measurements
2.1.1 Scanning mobility particle sizer
The evolution of an exhaust plume depends on the driving conditi s. For the measure-
ment of the particle number size distribution of the exhaustpar icles, a Scanning Mobility
Particle Sizer (SMPS) was used. The SMPS is suitable for sizing aerosol particles with
fluctuating size distribution within time intervals of a fewminutes (Endo et al., 1997). The
SMPS measures the size distribution from 7 to 400 nm.The chosen scan times (Table 2.1)
result from the experience from the pre-experiments.
The SMPS consists of a bipolar charger (Kr-85 source), a Differential Mobility
Analyser (DMA, Hauke-type, centre rod length 18 cm), which follows the design of
Winklmayr et al. (1991), and a Condensation Particle Counter (CPC, Model 3010, TSI
Inc.). The sample aerosol flow passes the bipolar charger to bing the particle popula-
tion into bipolar charge equilibrium (Wiedensohler, 1988). The charged particles enter the
DMA and undergo an electrostatic force in the electrostaticfield inside the DMA. The
electrical mobility (Zp) of a single charged particle is defined as (Hinds, 1999):
Zp =
n e Cc
3 π η dp
(2.1)
wheren is the number of elementary charges, e is the fundamental unit of charge,Cc is the
slip correction factor,η is the viscosity,dp is the particle diameter. The particles electrical
mobility defines whether the particles are carried out with the sampling flow and counted
by the CPC.
The voltage applied to the DMA is ramped continuously with time. Charged particles
move to the inner electrode (centre rod) or to the outer electrode where they deposit on the
surface, depending on the sign of the charge. Particle trajec ori s inside of the DMA are
shown in Figure 2.1. More detailed explanations of the electrical classification are given
by Knutson and Whitby (1975); Wang and Flagan (1990); Stratmann et al. (1997).
The SMPS separates the particles by their mobility diameter. This is the diameter of
a spherical particle with the same settling velocity and density as the particle in question.
With an inversion algorithm the number size distribution was calculated from the mea-
sured mobility distribution. This algorithm includes the bipolar charge distribution, the
DMA transfer function and the CPC detection efficiency. The inversion algorithm used is
described in more detail in, e.g., Stratmann and Wiedensohler (1996).









Figure 2.1:Trajectories of charged particles in (Knutson and Whitby, 1975).
rates. The theoretical transfer function of the DMA becomestriangular in the parti-
cle mobility space when the sheath flow Qs is set exactly equal to the excess flow Qex
(Knutson and Whitby, 1975). In these car measurements, a closed-loop arrangement was
used as described by Jokinen and Mäkelä (1997). For such an arrangement, no gas supply
or additional pumps are needed, which is an advantage for mobile r field measurements.

























Figure 2.2:Schematic diagram of a Scanning Mobility Particle Sizer system with a closed-loop
arrangement.
The sheath air circulates continuously in the closed loop. Avariable regenerative
blower (AMETEK Minispiral) is used for this purpose. A mass flow meter controls the
flow of the regenerative blower. A heat exchanger is installed within the closed loop be-
cause the blower heats up the sheath air. In order to measure the dry particle size distribu-
tion, the sample flow needs to be dried by the sheath air flow. The closed-loop arrangement
could encourage the humidity accumulation in the sheath air. To keep the sheath air dry,
a diffusion dryer with a tube length of 30 cm and a radius of 1.5cm was installed. A
Vaisala Humicap sensor controls the relative humidity and the temperature of the sheath
air in the closed loop and two filters keep the sheath air particle-free. The data is acquired
with a DAQ device from National Instruments and the graphical programming language
LabVIEW is used to run the SMPS and to collect the data.
Condensation Particle Counter
The working principle of a condensation particle counter (CPC) is that the aerosol sample
flow enters the saturator chamber, which saturates the sample aerosol with vapour of a
working liquid (e.g.,n-butanol). Thereafter, the sample aerosol flows through a cooled
condenser chamber, where the vapour becomes supersaturated and condenses rapidly on the
aerosol particles. The aerosol particles grow to liquid droplets into an optically detectable
size range (severalµm). These droplets then pass a laser beam of a laser diode and the
scattered light is detected by a photo-detector device (TSI, 1993). The particle number
concentration range which can be measured is from 10−4 to 104 particles per cm3 (cm−3).
For higher concentrations a coincidence correction is particularly important.
Prior to the measurements, the CPC was calibrated and its detection efficiency was
determined. The experimental set-up of the calibration andefficiency determination is de-
scribed by Wiedensohler et al. (1997). The particle detection efficiency of a CPC is affected
by the temperature difference (∆T) between the saturator and the condenser chamber. In-
side the CPC (Model 3010, TSI Inc.)∆T is set by default to 17 K. The smallest particle
size, which could be detected with an efficiency of 50%, is the fraction of 10 nm parti-
cles. Increasing the temperature difference causes highersupersaturation inside the con-
denser, so that smaller aerosol particles also grow into theptically detectable size range
(Mertes et al., 1995; Banse et al., 2001). During the experiments the temperature difference
was increased and set to 23 K. The 50% detection efficiency diameter was shifted from 11
to 6.5 nm (Figure 2.3).
2.2 Trace gas measurements
For trace gases measurements, the CLIR 2M Multi-gas Emission Analyser (Environnement
S.A) was used. This instrument measures concentrations of NOx ( O and NO2) by chemi-
luminescence and the concentration of CO2 by infrared spectroscopy. The size ranges were
chosen after test measurements within the exhaust plume of aDiesel passenger car. The
CLIR 2M device consists of two separate measurement instruments: the MIR 12M device
to measure the CO2 concentration and the AC 32M device to measure the NOx concentra-
tion. The measurement principles and the design of these instruments are described below.





























T = 17 K
T = 23 K
T = 25 K
Figure 2.3: The measured particle detection efficiencies of the TSI-3010 CPC for temperature
differences of 17, 23, and 25 K, respectively, between saturator and condenser.
2.2.1 Carbon dioxide measurements by Infrared-Spectroscopy
Infrared spectroscopy (IR spectroscopy) is a type of absorption spectroscopy that uses the
infrared part of the electromagnetic spectrum. The absorption spectrum is characteristically
for a particular element or compound, and does not change with varying concentration. IR
spectroscopy is based on the absorption of mid-infrared light by a chemical substance.
Mid-infrared light has a wavelength ofλ = 2.5-50µm. It is energetic enough to excite
molecular vibrations to higher energy levels. The wavelength of IR absorption bands are
characteristic of specific types of chemical bonds (Falbe, 1995).
An optical ray emitted by the IR source passes through the measur ment chamber and
is focused on an IR detector. Each gas that is present on the paof the optical ray ab-
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filters cells
Figure 2.4:Schematic of the absorption inside the infrared spectrometer (ansyco, 2004).
positioned on the optical path above the measurement chamber. According to the Lambert-
Beer’s law, the following equation is obtained:
I = I0e









whereI0 is the light intensity in the beginning received by the detector andI is the light in-
tensity received by the detector after absorption through the gas in the measurement cham-
ber,α is the absorption coefficient of the absorber,c is the concentration of the absorbing
species (here CO2), andl is the length of the optical path (Weber, 2000).
Inside the MIR 12M device the particle-free gaseous sample is introduced into the
multi-reflection chamber by an external pump. The optical path of the chamber increases
the sensitivity. A ray emitted by an infrared source and measured by a detector passes
through the optical chamber (Figure 2.4). The semi-conducting sensor receives the optical
beam after it has gone through a series of interference filters and cells. The signal triggered
by the detector is amplified, electronically processed, andthe concentration is displayed
in real time, according to a certain response time (ansyco, 2004). The instrument has two
measurement chambers for two different CO2 concentration ranges (see Table 2.1). The
measurements were carried out at different distances to thetailpipe so that both concentra-
tion ranges were required. The time resolution was 15 s, but the used values are averages
of a minute.
2.2.2 Nitrogen oxide measurements by Chemiluminescence
Chemiluminescence is the emission of light as a result of chemical reaction (Falbe, 1995).
The basic principle of this measuring method is the chemiluminescence of NO due to the
reaction with ozone which is produced internally with a generator by electric discharge.
NO + O3 → NO∗2 + O2 (2.3)
The return to a fundamental electronic state of the excited NO∗2 molecules causes luminous
radiation in a 600-1200 nm spectrum:
NO∗2 → NO2 + hv (2.4)
This energy can be lost by collision with some molecules found in the sample. By
lowering the pressure in the reaction chamber, the probability of collision is reduced in
order to obtain a better chemical luminous yield. The reaction chamber is separated from
the detector by an optical filter which selects only the radiation of wavelengths greater
than 610 nm to eliminate interferences due to hydrocarbons.The radiation measurement is
made by a photomultiplier (PM). The electrical signal delivred is amplified and digitized
for treatment by the microprocessor. To measure NO2 it is transformed into NO:
2 NO2
Mo−→ 2 NO + O2 (2.5)
whereMo stands for the molybdenum converter.
The measurement is done in 3 cycle steps (Figure 2.5) (ansyco, 2003). The reference
cycle is conducted after five NO and NOx cycles.:
• Reference cycle: In a pre-reaction chamber is the sampled air mixed with ozone. The
contained NO molecules are oxidized into NO2 before entering the reaction chamber.
The signal is measured without chemiluminescence by the photomultiplier (PM). It
may be considered as a ’zero air’ measurement and used as the refer nce signal.
• NO cycle: The sampled air is directly led into the measurement chamber where NO
oxidation by ozone is carried out. The signal measured with chemiluminescence by
the PM is proportional to the number of NO molecules contained the sample.
• NOx cycle: The sample flows through the converter oven and is mixed with ozone
inside the reaction chamber. The signal measured by the PM isproportional to the
number of NO and NO2 molecules contained in the sample.
Figure 2.5:Measuring cycles of the AC 32M. (ansyco, 2003)
2.3 Measurements of thermodynamic parameters
In order to characterise the exhaust plume in more detail andto improve understanding of
processes behind the tailpipe some thermodynamic parameters like temperature, humidity
and flow velocity were measured. The sensors used are describd in the following.
2.3.1 Temperature
The temperature measurements were done with 3 thermocouples measuring with fast re-
sponse time. A thermocouple consists of two different metals and make use of the so-called
Seebeck effect. This is a thermoelectric effect where betwen the two ends of a metal bar a
voltage appears when a temperature gradient exists in the bar (Weber, 2000).
This thermoelectric voltage is temperature dependent and in the range of few millivolts.
Furthermore, the voltage is not proportional to the temperature difference, however, the
junction temperature can be inferred from the thermoelectric voltage by consulting standard
tables. There are a lot of different types of thermocouples which are summarised in Table
2.2. As it can be seen there are different types, that could beused for the measurements,
except type T, J, and B.
For the measurements, type K thermocouple was chosen. It is most commonly used
and has a broad range of applications. Figure 2.6 shows the schematic diagram of a type K
thermocouple. One junction is normally held at a constant reference temperature while the
other one is installed into the environment to be measured. Dtailed description of the mea-
surement principle, the signal processing and the applications can be found in Lekas et al.
(2004). A thermocouple input module filters, amplifies, linearises and converts this ther-
moelectric voltage to a high analogue voltage output. The maxi um sampling rate of this
Table 2.2:Common thermocouple types. (TC, 2001)
Type Metal Temperature Range
+ - [◦C]
K Ni-Cr Ni-Al 0 to 1100
T Cu Cu-Ni -185 to 300
J Fe Cu-Ni 20 to 700
N Ni-Cr-Si Ni-Si 0 to 1250
E Ni-Cr Cu-Ni 0 to 800
R Pt-13% Rh Pt 0 to 1600
S Pt-10% Rh Pt 0 to 550







Figure 2.6: Type K thermocouple. The voltage V across the nickel-chromium and nickel-
aluminium wires is a function of the temperature T at the junction.
module is 200 Hz.
The slow-response-time temperature measurements were madwith two resistance
thermometers. Resistance thermometers are sensors which measure the temperature based
on the temperature dependency of the electrical resistanceof metals and semiconductors
(Weber, 2000). The temperature sensor used is a so called Pt100. Therefore, the sensor ma-
terial is platinum (Pt), and the electrical resistance is 100 Ω at 0◦C. The relation between
the temperature and the resistance can be expressed as
R(T ) = R(T0)[1 + βR[T − T0]] (2.6)
whereβR is a temperature dependent material constant, R is the electrical resistance and
T is the temperature. The reference temperatureT0 is mostly set at the ice point of water.
From the measured resistance, the temperature can be calculated.
2.3.2 Relative and absolute humidity
The relative humidity of the exhaust gases was measured witht o capacitive sensors
(Vaisala Humicap sensor HMT 337). The response time is a few seconds. The sensor
consists of a capacitive thin-film polymer, which either absor or releases water vapour
as the relative humidity of the ambient air rises or falls. The dielectric properties of the
polymer film change if the relative humidity changes, and therefore the capacitance of the
sensor changes. The measured capacitance of the sensor willbe converted into values of
the relative humidity (Vaisala, 2005).
For the measurement of humidity fluctuations, light absorpti n hygrometers are com-
monly used. They absorb either in the infrared (IR) or in the ultraviolet (UV) with response
times of few milliseconds. The Lambert-Beer’s law (Equation 2.2) describe the absorption
of light relative to the properties of the material (i.e. water vapour) the light is passing
through. The physical principal of a Lyman-α hygrometer which was used for the mea-
surement of the absolute humidity is based on the light absorption in the UV. The used
setup consists of a light source, an absorption chamber, anda detector with a signal ampli-
fier. The absolute humidity a can be calculated from the following equation:
a = ρw10











whereρw is the density andMw the molar mass of water vapour (18.02 kg kmol−1), R∗
is the universal gas constant (8314.3 J K−1 kmol−1), rH is the relative humidity in per-
cent, ande is the partial pressure andes(T ) is the saturation pressure of water vapour,
both given in hPa.es(T ) can be calculated following the empirical formula, e.g., given in
Rogers and Yau (1989):






where t is the ambient temperature in a range between -30◦C and 35◦C. Figure 2.7 shows
the schematic diagram of the Lyman-α hygrometer developed at the IfT. The light source
on the left side of Figure 2.7 is a discharge lamp. It is filled with a hydrogen generator (hy-
dride) and an inert gas (Argon). The light emission is activated by a high-frequency (HF)
oscillator. The magnesium fluoride (MgF2) windows of the lamp and the detector have a
high transmission between 115 and 132 nm which includes the Lyman-α absorption line
(Siebert, 2002). The transmission of the MgF2 windows changes because of the hygroscop-
icity of the material. Therefore, frequent re-calibrationof the hygrometer is required. The













































Figure 2.7:Schematic diagram of a Lyman-α hygrometer developed at the IfT. The hygrometer
has a cylindrical form with a diameter of 5.5 cm and a length of22 cm. On the left side is the light
source (1) with the heated ZrCOH3 depot (6) and the antenna for the HF-oscillator (7). The right
part consists of the photo tube (4) with a MgF2 window (3) and the detector electronics. Both parts
are connected and sealed with rings (5). The dashed line (2) shows the air flow through the system.
(Siebert, 2002)
This effect is especially strong if the hygrometer is exposed to high relative humidities. A
particle filter was installed before the inlet tube in the Lyman-α hygrometer to prevent the
MgF2 window from contamination with the Diesel soot.
2.3.3 Flow velocity
The 1-dimensional flow velocity of the exhaust-gas plume wasmeasured with a Prandtl
pitot tube. A pitot tube consist of two pressure tubes. The opening of tube which measures
the total pressure is orientated horizontal to the flow direction. The opening of the tube
which measures the static pressure is orientated vertical to the flow. The total pressure is
the sum of the dynamic and the static pressure. The schematicdi gram of the Prandtl pitot
tube is shown in Figure 2.8.
A differential pressure transducer (Setra Systems Inc., Model 239) with a response time
of few milliseconds measures the difference between the total and the static pressure. This
gives the dynamic pressure which can be used to calculate thegas velocity. The dynamic
pressure depends on the density, temperature, and barometric pr ssure of the gas. If the





Figure 2.8:Schematic diagram of a Prandtl Pitot tube with streamlines (PaulGotheGmbH, 2004).
calculated from the measured pressure difference (Liljequist and Cehak, 1984):
pt = ps +
1
2





∆p = pt − ps
(2.9)
wherept is the total pressure in Pa,ps is the static pressure in Pa,v is the flow velocity in
m s−1, andρ is the air density in kg m−3.
2.4 Description of the measurement platform
For the measurements a Diesel and a Petrol European estate car w re used which are nor-
mally used as common staff cars at the IfT. The Diesel car has a2.0 l turbo-charged direct
injection (DI), 16 V, 74 kW (100 hp) engine. It is equipped with an oxidation catalyst,
but without particle filter. This car satisfies the EURO 3 European emission standard. The
sulphur content of the fuel was 6 ppm. The Diesel fuel consumption during a driving ex-
periment was about 8 l per 100 km. The Petrol care has a 1.6 l, 16V 7 kW (103 hp)
engine with a controlled catalytic converter. This car attained the EURO 4 European emis-
sion standard. The Petrol fuel consumption during a drivingexperiment was about 9 l per





Figure 2.9:Back view of the instrumentation embedded into the car. The SMP system stands on
the left side (1). The thermocouple input modules and the Vaisal Humicap sensor electronic (2)
are placed in this rack. The CLIR 2M multi-gas emission analyser (3) with its pump (3a) in the
foreground is on the right side to be seen.
Some changes were necessary to carry out the experiments. The power supply of the
equipment was provided through a more powerful dynamo with atotal power of 1500 W.
The direct current (DC) from the dynamo was transformed in alternating current (AC) via
a converter. The DC/AC converter was connected with an uninterrupted power supply unit,
which energises all devices. The data from the SMPS system, the Lyman-α hygrometer,
the emission analyser, and the Vaisala Humicap sensors are acquired with notebooks. The
On-Board Diagnostic system (OBD II) was connected to a notebook too in order to obtain
information about the car speed and the engine speed (rpm). The On-Board Diagnostic sys-
tem was developed during the ’70s to follow the EPA (Environme tal Protection Agency)
emission standards and is used to control engine functions and di gnose engine problems.
A new standard was introduced in the mid-’90s (OBD II). It provides almost a complete
engine control and also monitors parts of the chassis, body an accessory devices as well
as the diagnostic control network of the car (Bauer, 2003). The measurement instruments,
notebooks for data acquisition, and the converter for powersupply were placed inside the
car behind the driver’s and front passenger’s seat. Figure 2.9 shows the location of the
instruments in the car boot. The measurement devices were conne ted with the inlet and
sensor system via stainless steel and nylon tubes, respectively. The tube length between the
SMPS system and the inlet of the particle and trace gas measurements was approximately
2.5 m and the inner tube diameter was 4 mm. Diffusion losses inthe tube were estimated
to 24% of 7 nm particles in diameter. Diffusion losses were lower than 10% for particles of
16 nm in diameter, and lower than 5% for particles of 30 nm in diameter. Diffusion losses
were taken into account when analysing the data.
a
b
Figure 2.10:The inlet and sensor system consists of the Prandtl pitot tube (1), the thermocouples
(2), the Vaisala Humicap sensors (3) (a: Vaisala1, b: Vaisal2), the inlet tube for the aerosol and
trace gas measurements (4), and the inlet tube for the measurements of the absolute humidity (5).
The inlet and sensor system is shown in Figure 2.10. It consists of a Prandtl pitot tube
(1), three thermocouples (2), two Vaisala Humicap sensors (3), an inlet for aerosol and
trace gases measurements (4), and an inlet tube for absolutehumidity measurements with a
Lyman-α hygrometer (5). The first thermocouple (TExhaust, not shown in Figure 2.10) was
fixed directly at the tailpipe. The second thermocouple (TPrandtl) was fixed directly beside
the Prandtl pitot tube with a distance of around 1 cm to the tub. The third thermocouple
(T Aerosol) was fixed directly at the inlet tube for the aerosol and tracegas measurements.
Information about the temperature of the sample volume and the temperature gradient be-
tween the inlet and the measurement devices inside the car was obt ined. The two Vaisala
sensors were oriented directly opposite to each other and had a distance of 4 cm. The sensor
who looked downward was situated near the inlet tube of the Lyman-α hygrometer. Thus,
a comparison of the measurements of the relative humidity and the absolute humidity is
reasonable. The other sensor looked upward. It was used to measure temperature and hu-
midity further from the centre of the exhaust plume. A 3-dimensional model that calculate
temperature and humidity fields of the exhaust plume could bevalidate with these mea-
surements because of the spatial sensor arrangement. The design of the inlet and sensor
system results from fluid dynamic considerations that meansthat sensors and inlet tubes






Figure 2.11:On the metal window of the hatchback is a plate with some holes(a) crewed. In
order to prevent heating-up the car boot by the equipment a ventilator (b) was installed. The inlet
and sensor system (c), the Lyman-α hygrometer (d), and the differential pressure sensor (e) for the
Prandtl pitot tube were fixed on the steel construction.
On the rear end of the car, a standard bicycle rack was mountedo the hatchback. A
steel construction was fastened on it, which held the sensors and inlets (Figure 2.11). The
cables and tubes, which connect the devices inside of the carwith the equipment outside
were conducted through a hole (a) in the metal hatchback window. The running equipment
leads to heating up the passenger room, which results, e.g.,in a heating of the sheath air
in the closed loop of the SMPS system. In order to keep the temperature inside nearly
constant a ventilator (b) was installed in the hatchback window. The design of the steel
construction enables it to change the horizontal and the vertical distance of the inlet and
sensor system (c) relative to the car and the ground, respectively. It was important to affect
the stream and the dilution processes behind the car as less as possible, in order to avoid
additional turbulence effects. The Lyman-α hygrometer (d) and the differential pressure
sensor (e) for the measurement of the pitot tube were mountedo the steel construction.
Chapter 3
Experiments
The experiments were performed under real atmospheric and on-road conditions. All sen-
sors were tested, calibrated and first experiments were carried during the time period be-
tween May and September 2004. The final experiments were performed from October
2004 to April 2005 when the development of the measurement system had been finished.
The main focus of this work lies on the experimental results that were obtained during the
experiments on a public motorway. Experiments in the city ofLeipzig were also carried
out. The detailed description of all of these experiments follows in the next subchapters.
3.1 Measurements on a public motorway
The major part of the experiments was performed on a public four-lane motorway (two
lanes to both directions) (German Autobahn A38) with low traffic density, which is situated
around 50 km in the South West/West of Leipzig (Figure 3.1). The density of the light-duty
vehicles was around 0.4 vehicles km−1 and of the heavy-duty vehicles around 0.2 vehicles
km−1. Vehicles were counted during one experiment. The vehicle density was low because
this motorway is not completed yet and will be finished in 2006/2 07. The motorway
section (abbreviated section), chosen for the experiment,had a length of 40 km and it was
usually driven 8 times. Each experiment took 3 to 4 hours.
The motorway is surrounded by agricultural lands, meadows,and a great industrial
complex in the South East of Merseburg. As it can be seen in Figure (3.1) that the driving
route shows the first 15 km from the motorway exit Leipzig-South West mainly in east-
west direction then makes the road a sharp right bend and shows in north-south direction.
The course and the surrounding of the motorway is important with regard to the influence
on the measurement results. Here, especially the wind speedand wind direction play an





Figure 3.1:Map of the driving route along the public motorway A38 in the South West/West of
Leipzig (ADAC, 2002).
During an experiment, the section between the exits Leipzig-South West and Bad
Lauchstädt was driven several times in both directions. During one section the car speed
and the engine speed were kept constant, but varied during the whole experiment (Table
3.1). The horizontal distance (HD) between the tailpipe andthe inlet and sensor system
was changed once in the experiment. Thus, 2-dimensional fields of the measured parame-
ters were received, describing dispersion and dilution of the exhaust plume.
The different engine speed for the same car speed were reached by changing the gear.
It was impractical to drive the Petrol car in the fourth gear at the higher speed because
of different engine-specific parameters of the Diesel and the Petrol car. The main focus
of this work was the measurement of particle number size distributions within the exhaust
plume of a passenger car under realistic driving conditions. The driving parameters chosen,
resulted from experiences from preliminary tests. They also reflect driving situations as
they can to be found on a public motorway in Germany.
The horizontal distances between the exhaust tailpipe and the vertical distances between
the ground and the inlet and sensor system are given for both cars in Table 3.2. The different
distances to the exhaust tailpipe and to the street surface and the centre line of the exhaust
pipe, respectively, for the Diesel and Petrol measurementsr sult from differences in the
design of the car bodies. Few changes in the setup during the period of the experiments
were carried out. The selected distances were found to be an optimum for the current
experiments. Practically, it would be possible to measure closer to the tailpipe, but in this
Table 3.1:Summary of car speeds and engine speeds driven in the experiments. The mean hor-
izontal distances (HD) between the tailpipe and the inlet and sensor system are given for better
comprehension of the experimental details.
Section Car speed Engine speed Gear
number [km h−1] [min−1]
Diesel: HDa ≈ 42 cm ; HDb ≈ 90 cm
1 148 3200 5th
2 149 4000 4th
3 105 2300 5th
4 103 3900 3rd
Petrol: HDa ≈ 36 cm ; HDb ≈ 85 cm
1 149 4400 5th
3 92 2730 5th
4 93 3440 4th
case a dilution system would be required for the measurementof the particle number size
distribution. The particle number concentrations, especially in the Diesel exhaust, is so high
that the counting limit of the condensation particle counter would be reached. Additionally,
the particles coagulate inside the tube, if the concentration is too high. Another issue is the
temperature gradient between the exhaust flow and the inlet tub . It would be so high
that condensation would occur inside the tube. A longer distance as the selected one was
impossible because of the stability of the bicycle rack. It had a maximum load capacity of
40 kg, which was reached with the steel construction which was fixed on it.
As described in the Chapter 2.4, the temperature was measured at different positions. A
thermocouple (TExhaust) was fixed directly at the tailpipe with a high temperature resistant
tape. The other two thermocouples (TPrandtl and TAerosol) , which were fixed on the inlet
and sensor system gave information about the degree of cooling f the exhaust fumes.
Together with the measurements of the two Vaisala sensors, a2-dimensional temperature
field was obtained. The scan time for the SMPS system was 90 s for an up and 90 s for a
down scan. The fluctuations in the number size distributionswere stronger if the scan times
were shorter. It was tried to choose a nearly central position of the inlet and sensor system
within the exhaust plume because the highest values of all measur ment parameters were
expected there. However, it was not always reached and smallchanges in the positioning
had an influence on the measurement results.
Experiments with the Diesel car were performed five times andwith the Petrol car 3
times. Experiments and meteorological conditions that were observed during these days
at the IfT building are summarised in Tables 3.3 and 3.4. The motorway is not far from
Table 3.2:Horizontal distances between the tailpipe, and the sensorsand inlet tubes and vertical
distances of the sensors and inlet tubes above ground. In pare theses are given vertical distances
between the height of the centre-line of the tailpipe and thesensors and inlet tubes. Measurements
were made in two different horizontal distances to the tailpipe. The height of the centre-line of the
tailpipe is 30 cm above ground. Standard deviations of each distance are±1.5 cm.
Diesel car Petrol car
Inlet tubes and horizontal vertical horizontal vertical
Sensors distance [cm] distance [cm] distance [cm] distance [cm]
HDa HDb HDa HDb
T Exhaust ∼ 2 ∼ 2 30 (0) ∼ 2 ∼ 2 30 (0)
T Prandtl 35 83 28 (-2) 28 76 25 (-5)
T Aerosol 42 91 28 (-2) 36 85 25 (-5)
Vaisala1 41 90 43 (13) 35 84 41 (11)
Vaisala2 41 90 31 (1) 35 84 29 (-1)
Prandtl pitot tube 35 83 28 (-2) 28 76 25 (-5)
Aerosol / trace gas inlet 42 91 28 (-2) 36 85 25 (-5)
Lyman-α inlet 42 91 28 (-2) 36 85 25 (-5)
Leipzig, so that the meteorological conditions there were nearly the same as at the IfT
building. The temperature was maybe somewhat lower and the wind velocity somewhat
higher.
Table 3.3:Summary of the meteorological conditions during the measurements with the Diesel
passenger car on a public motorway.
Diesel
Number of experiment I II III IV V
Date 13.10.2004 10.12.2004 13.12.2004 08.04.2005 18.04.2005
Time period [UTC] 7 - 10 8 - 12 10 - 13 7 - 11 8 - 11
Temperature [◦C] 8.1±2.0 - 3.0±0.4 - 1.1±0.2 10.5±0.8 12.0±1.3
Relative humidity [%] 67±7 99±1 93±2 62±5 80±4
Wind speed [m s−1] 2.5±0.6 1.0±0.4 1.2±0.4 3.1±0.8 2.2±0.4
Wind gusts [m s−1] 5.0±1.3 2.0±0.4 2.3±0.6 7.2±1.2 3.9±0.7
Wind direction SE SES NE SW N
The experiments were carried out from autumn 2004 to spring 2005, which means that
the temperatures most of the time were lower than 10◦C. It was never driven under rainy
conditions. However, there was fog present during experiment II (Table 3.3). Under misty
conditions, measurements of the absolute humidity were notpossible because of the limited
measuring range of the Lyman-α hygrometer (Chapter 2.4). Moreover, due to the fact that
Table 3.4: Summary of the meteorological conditions during the measurements with the Petrol
passenger car on public motorway.
Petrol
Number of experiment i ii
Date 07.03.2005 10.03.2005
Time period [UTC] 9 - 12 9 - 13
Temperature [◦C] - 3.1±1.0 - 1.1±0.6
Relative humidity [%] 71±5 48±5
Wind speed [m s−1] 4.8±0.4 2.3±0.4
Wind gusts [m s−1] 9.4±0.8 5.0±0.7
Wind direction WSW SW
Petrol exhaust is very humid as well, it was impossible to measure the absolute humidity
in HDa because of the limited measuring range. A diffusion dryer was used for the trace
gas measurement during the Petrol car experiments. The measurements with the Petrol
car were always carried out under frosty conditions. The wind speed was low during all
experiments, but during experiments IV (Diesel car), i, andii (Petrol car) some wind gusts
with a velocity until 10 km h−1 were observed. During the experiment number 4 and for
all runs with the Petrol car, the characteristically wind direction in Central Europe (South-
West) was observed. With regard to the position of the motorway and the particular driving
direction during the experiments, the wind direction and wind velocity might be have had
a different influence on the measurement results. That will be discussed in more detail in
Chapter 4.
It was difficult to hold the car speed always constant during oe section because the cars
have no cruise control and it ran on a public motorway. It was attempted to drive always
at the same lane in one direction, but sometimes it was requird to change between the
lanes because of overtaking cars. In such a situation it was tried to change lanes as slow as
possible so that the exhaust plume would not be interrupted through an abrupt changeover.
3.2 Measurements in local urban traffic
The experiments were carried out in the local urban traffic inLeipzig. The driving route is






Figure 3.2:Map of the driving route in local urban traffic in Leipzig. Thestronger red arrows show
the driving direction. The measurement side in the Eisenbahstraße and the bypass road are also
signalled. Green circles represent traffic lights. (ADAC, 2003)
Furthermore, a measurement site of the IFT is located in a first floor apartment in the
Eisenbahnstraße. Among various instrumentation, there isa SMPS system running con-
tinuously. The IfT building is situated around 2 km in north-east direction. The particle
number concentrations are measured there with a DMPS system. This measurement site
measured the urban background aerosol, but it is also affected by the surrounding traffic. In
the Chapter 6 on-road measurements are compared with streetcanyon measurements and
urban background measurements. The Eisenbahnstraße is a two-l ne road. Northerly, a
bypass road is located (Figure 3.2).
The experiments were carried out from the end of March until the beginning of April
2005. Three measurements were performed with the Petrol carand four with the Diesel
car. One Petrol car experiment and one Diesel car experimentis described in more detail
in Chapter 6. Some parameters of these both experiments are summarised in Table 3.5.
Table 3.5:Summary of the meteorological conditions during the experim nts on the local city road.
The mean values for the car speed and the engine speed were calculated over the whole experiment.
The mean distances are relating to the height of the aerosol inlet tube. The vertical distance to the
centre-line height of the tailpipe is given in parentheses.
date temperature rel. Humidity engine speed car speed horizontal vertical
[◦C] [%] [min−1] [km h−1] distance [cm] distance [cm]
Petrol
21.03.2005 7.4 32.7 1752 29 35 25 (-5)
Diesel
31.03.2005 7.2 44.0 1556 30 43 28 (-2)
The averages of the car speed and the engine speed were calculated over the whole
experiment, which includes stops at the traffic lights and changes in the driving speed. The
maximum allowed speed was 50 km h−1 for all roads. It should be mention that the scan
time of the SMPS system was set to 60 s for an up and 60 s for an dowscan. It was shorter
than during the measurements on the public motorway becauseof th higher variations of
the car speeds and the engine speeds during the experiments.
Chapter 4
Results - Diesel passenger car
measurements
Results of Diesel car experiments are presented and discussed in this chapter. Five experi-
ments were carried out on the public motorway. The driving route was shown in Figure 3.1
in Chapter 3.1. The motorway section, short ’section’, between the two exits was driven
several times in both directions. The driving parameters, i.e. car speed and engine speed,
were tried to be kept constant during one way. Each driving part gets a separate section
number. The section numbers, car speeds, and engine speeds ar summarised in Table 4.1
and shown in Figure 4.1. In the following ’high car speed’ means driving with 150 km h−1
and ’high engine speed’ means driving with 4000 min−1. ’Low car speed’ means driving
with 105 km h−1 and ’low engine speed’ means driving with 2300 or 3200 min−1, depend-
ing on the respective car speed. At first, the section was driven with high car speed and
two different engine speeds and then with low car speed and two different engine speeds.
Thereafter, the position of the inlet system was changed, anthe same pattern was driven
again. The horizontal distances between the tailpipe and the inlet and sensor system were
on average 42 cm, denoted by HDa, and 90 cm, denoted by HDb, respectively. The results,
described and discussed in the following, were obtained during the 5th experiment, carried
out on 18 April 2005.
4.1 Thermodynamic parameters
Measurement methods of thermodynamic parameters were described in Chapter 2.3. The
results of the measurements are useful to obtain a clearer imagination of the dispersion and
dilution of the exhaust plume after leaving the tailpipe under realistic on-road conditions.
In addition, the data were used as input parameters of model calculations carried out with
30
Table 4.1:Summary of car speeds and engine speed driven for each driving section. The driving
sections are numbered. The horizontal distances between thtailpipe and the aerosol inlet tube are
given, too.
Car speed Engine speed Section numbering
[km h−1] [min−1] 42 cm (HDa) 90 cm (HDb)
148 3200 1a 1b
149 4000 2a 2b
105 2300 3a 3b
103 3900 4a 4b










































Figure 4.1:Time series of car speeds and engine speeds of the experimentcarried out on 18 April
2005. Section numbers are denoted. The inlet and sensor system was mounted in 42 cm (left side)
and in 90 cm (right side) horizontal distance to the tailpipe.
a computational fluid dynamics (CFD) aerosol model (Uhrner et al., 2004), why they were
measured with a high time resolution.
The following definitions are used: ’exhaust temperature’ is the temperature measured
directly at the tailpipe and ’temperature within the exhaust plume’ is the temperature mea-
sured in a determined horizontal distance to the tailpipe.
Few of the sensors were highly sensitive to the experimentalconditions. E.g., the ex-
haust was partly too moist for the Lyman-α hygrometer because of its limited measure-
ment range, which furthermore decreased due to the ageing ofthe Lyman-α lamp. Another
example is the sensitivity of the differential pressure sensor for the flow velocity measure-
ments, which was fixed at the mounting of the inlet and sensor system. The vibration of
the mounting might have influenced the measurement of the static pressure. These pres-
sure fluctuations resulted potentially in fluctuations in the ime series of the flow velocity
(see Figure 4.4) but should not affected the average measurement significantly. However,
mean values of the exhaust temperature, the flow velocity, and the absolute humidity are









































































































Figure 4.2:Time series of the exhaust temperature measured with 3 thermocouples (top graphs)
and with 2 Vaisala sensors (middle graphs) as well as time seri s of the relative humidity (bottom
graphs). Time series of the car speed are also plotted as a thin grey line in the middle graphs. On
the left side: HDa; on the right side: HDb.
The time series of the exhaust temperature measured with thermocouples are shown in
the top graphs of Figure 4.2. On the left side, the measurement for HDa is shown and on
the right side for HDb. Horizontal distances between the tailpipe and the thermocouples as
well as vertical distances between the centre height of the tailpipe and the thermocouples
are:
Thermocouple T Exhaust T Prandtl T Aerosol
horizontal distance [cm] 2±0.5 35/83±1.0 42/91±1.0
vertical distance [cm] 0±0.5 -2±0.5 -2±0.5
As expected, the highest exhaust temperatures at around 300◦C occurred when driving
with high car speed and high engine speed (section 2) and the lowest at around 190◦C
when driving with low car speed and low engine speed (section3). Driving with higher
engine speeds but equal car speeds caused in 25-35 K higher exhaust temperatures (section
2 versus section 1 and section 4 versus section 3). Higher engine speeds resulted in a higher
friction of the car engine, and thus, a higher generation of heat. The level of temperature
decrease within the exhaust plume was significantly dependent on the car speed. The tem-
perature decrease within the exhaust plume due to dilution wth colder ambient air between
thermocouples TExhaust and TPrandtl was about 180 K in sections 1a and 2a and 225 K in
sections 1b and 2b, respectively, and 135 K in sections 3a and4 and 160 K in sections 3b
and 4b, respectively. The high temperature decrease might indicate the immediate, strong
mixture and dilution of the exhaust with the ambient air. It was also clearly seen that the in-
tensity of mixture and dilution was affected by the temperature gradient (∆T) between the
exhaust plume and the ambient air temperatures. The dilution and mixture, and thus, the
temperature decrease within the exhaust plume was faster ifthe temperature gradient was
stronger. An example might give a better idea of the temperature development within the
exhaust plume: Between thermocouples TPrandtl and TAerosol, (e.g., in section 2)∆T was
30 K / 0.07 m for HDa and only 6 K / 0.07 m for HDb. For comparison, when driving with
low car speed and engine speed (section 3),∆T was 12 K / 0.07 m for HDa and 1 K / 0.07
m for HDb. The different temperature gradients show that the temperatur decrease within
the exhaust plume was highly nonlinear. Even though, the exhaust temperature measured
by thermocouple TExhaust was higher in section 1 than in section 4, the temperatures of
the exhaust plume measured by thermocouples TPrandtl and TAerosol was lower in section
1 than in section 4 for HDb. One possible reason of this unexpected result could be the
different spreading of the exhaust plume, which depends on the driving car speeds as well
as engine speeds, and thus, also different exhaust flow velociti s. The higher the car speed
the higher the turbulence behind the driving car, and a high temperature gradient increases
the turbulent mixing. It was significant that the temperature of the exhaust plume decreased
faster when driving with high car speed than with low car speed.
The middle graphs of Figure 4.2 show the temperature measurements of both Vaisala
sensors. The driving car speed is plotted as a thin grey line in the figure. The results
of the Vaisala sensors give an idea of the spatial distribution of temperature within the
exhaust plume and points out the development of the exhaust plume behind the tailpipe.
The adjustment of the Vaisala sensors was shown in Figure 2.10. The horizontal distances
to the tailpipe and the vertical distances relative to the centre position of the tailpipe of both
sensors are:
Vaisala Humicap Sensor Vaisala1 Vaisala2
horizontal distance [cm] 41/90±1.0 41/90±1.0
vertical distance [cm] +13±0.5 +1±0.5
It seems that Vaisala1 measured in a transition region between the exhaust plume and
the ambient air in HDa because the temperatures measured there were nearly constant dur-
ing the HDa-sections, and only about 10 K higher than the ambient air temperature. The
temperature of the exhaust plume, measured at the position of Vaisala1, was higher for HDb
than for HDa, except in section 3.
The spreading and dilution of the exhaust plume depending oncar speeds can be well
explained by the directly comparison of the temperature measurements of both Vaisala
sensors. The temperature differences between Vaisala1 andVaisala2 were around 50 K in
section 2a and 15 K in section 2b, and they were about 15 K in section 3a and 5 K in section
3b. Whereby the temperature of the exhaust plume was higher at the position of Vaisala1
than of Vaisala2 for HDb when driving with low car speed and low revolutions. When the
exhaust leaves the tailpipe as a turbulent stream, the plumeexpands and is diluted with
ambient air. The cross section of the exhaust plume is thus much wider with increasing
distance to the tailpipe. The broadening of the exhaust plume and the dilution caused in the
lowering of temperature differences within the exhaust plume. A higher broadening of the
exhaust plume could also be expected if the car speed, and therefore, the flow velocity of
the exhaust stream were lower. This assumption was verified with the observed data.
In contrast to the temperature time series of Vaisala1, the temperature change within
the exhaust plume at the position of Vaisala2 follows the driving pattern for HDa as well
as for HDb. Although Vaisala2 was located between thermocouple TPrandtl and TAerosol,
temperatures measured by TAerosol were in most sections higher than those measured by
Vaisala2. One possible reason for this observation could bethe faster response time of
thermocouples in comparison to Vaisala sensors. Temperatur fluctuations as they occurred
within the exhaust plume might be thus better resolved by this sensor type. Moreover,
different vertical distances of sensors with regard to the heig t of the horizontal centre line
of the tailpipe might have resulted in differences in measured temperatures. Vaisala2 was
mounted 1 cm above the horizontal centre line and thermocouples (TPrandtl and TAerosol)
were mounted 2 cm below the centre line, and thus temperaturemeasurements took place in
different regions within the exhaust plume. The temperature within the exhaust plume was
not homogeneously distributed and strong temperature gradients occurred, as described
above.
The relative humidity is another thermodynamical parameter, which characterised the
exhaust plume depending on the driving parameters (car speed and engine speed). Con-
sidering the time series of relative humidities in the bottom graphs of Figure 4.2, their
evolution was directly inverse to temperature time series.The relative humidity at the posi-
tion of Vaisala1 was nearly similar for all HDa-sections as it was seen for the temperature,
too. Because of the lower exhaust plume temperature in section 3b, the relative humidity
was higher compared to other HDb-sections. Noticeable were the humidity fluctuations
measured by Vaisala2, especially in sections 1b, 3a, and 3b.These fluctuations might be a
result of the mixture with ambient air by what the gradients of the relative humidity became
maybe stronger within the exhaust plume. The admixed ambient a r was heated up by the
exhaust plume and the relative humidity thus decreased.
The influence of the ambient conditions such as temperature and relative humidity of the
ambient air are described in the following. Even though meteorological parameters were
measured at the IfT building, they were probably nearly comparable with those around the
motorway area during that time when the experiments were caried out. The mean values of
the temperature for every single experiment measured by Vaisala1 and Vaisala2 as well as
the ambient temperature and wind velocity are plotted in thetop graphs of Figure 4.3. The
mean values of the relative humidity are plotted in the bottom graphs in this figure. The
temperature scale is assimilated to respective temperaturranges. The left graphs show
the results of Vaisala1, the middle graphs those of Vaisala2, and the right graphs those
of the ambient conditions. Obviously was the exhaust plume influenced by the ambient
conditions. E.g., the exhaust plume temperatures were higher f t e ambient air temperature
was higher, and they were lower if the ambient air temperature was lower. The curves of
the relative humidity measured within the exhaust plume andthose of the ambient air were
parallel too and, of course, inverse to the temperature curves.
The fixed arrangement of the inlet and sensor system relativeto the centre line height
of the tailpipe was important to obtain comparable results for all experiments. Neverthe-
less, in the course of these investigations the position of the Vaisala sensors were changed
once after the experiment III. Thereby, Vaisala1 and Vaisal2 interchanged their positions.
Then Vaisala2 was situated closer to the inlet tube of the absolute humidity measurement,
whereby an improved comparability of the humidity measurements should be reached. The
relative humidity and temperature data were used to calculated the absolute humidity as de-
scribed in Chapter 2.3.2. The effect of this interchange canbe seen, e.g., in the temperature
curves of Vaisala2 (top middle graph of Figure 4.3). Even though the ambient tempera-
tures were similar during experiment I and experiment IV, the temperatures of the exhaust
plume measured by Vaisala2 were higher in experiment IV thanin experiment I, as shown
in the temperature curves of HDa-sections. One possible explanation therefor is that the
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Figure 4.3:Temperature and relative humidity measurements with two Vaisal sensors in com-
parison with the measured ambient temperatures and relative humidities at the IfT building for all
driving experiments (Table 3.3). Standard deviations are plotted too. Colours and symbols represent
the different driving parameters and distances, summarised in Table 4.1.
behind the car. The flow field and its velocity is mainly determined by the car geometry
and the car speed. The interchange of positions of both Vaisala sensors resulted thus in a
change of the position within the exhaust plume as observed in section 1a. The position
interchange was irrelevant, e.g., in section 3b. There, theex aust plume was well mixed
with ambient air and temperature differences within the exhaust plume were much lower
than in other sections. Naturally, the position interchange can be also seen in the relative
humidity curves.
The absolute humidity is defined as the mass of water vapour per unit volume of air
(Liljequist and Cehak, 1984). In the following, the influencof the driving parameters on
the absolute humidity within the exhaust plume is investigated. Unfortunately, the Lyman-
α hygrometer was out of order during experiment V. Therefore,time series of the absolute
humidity, measured during experiment I, are shown in the topgra hs of Figure 4.4. The
















































































Figure 4.4:Time series of the absolute humidity (top graphs), of the flowvelocity (bottom graphs),
and of car speeds as a thin grey line (top and bottom graphs). On the left side: HDa; on the right
side: HDb.
car speed is plotted as a thin grey line because it was slightly different to those driven
in experiment V. The absolute humidity within the exhaust plume was probably close to
the upper limit of the measurement range of the hygrometer during HDa-sections. The
driving pattern was badly reflected in the time series and humidity fluctuations were very
strong. A comparison between HDa and HDb was not practicable, and therefore, the 1-
dimensional spatial development of absolute humidity within e exhaust plume was not
clearly distinguishable.
The measurement in HDb is shown in the top right-side graph of Figure 4.4. The driving
pattern was well expressed. Surprisingly, the absolute humidity of the exhaust plume was
nearly equal for sections 2b and 4b, although the car speed was much higher in section 2b.
The engine speed was similar for both sections. For comparison, the absolute humidity
was around 25% lower when driving with low car speed and low engine speed (section
3b). This result shows again that the car speed as well as the engine speed strongly affect
physical properties of the exhaust. One possible reason forthis observation is that the fuel
consumption increases with higher engine speed, and thus, the emitted exhaust volume and
mass as well as the water vapour content of the exhaust increases.
In addition, a small slope can be seen in the time series of theabsolute humidity for each
driving section. This slope might have resulted from the different driving directions with
respect to the wind direction. How the driving direction might have affected the spreading
of the exhaust plume and, therefore, the measured values is di cussed in more detail in
Chapter 5. Fluctuations of the absolute humidity within theexhaust plume were associated
with fluctuations of the car speed.
At the end of this chapter about the results of thermodynamicl parameters measure-
ments, the results of the flow velocity are discussed. The timseries of the flow velocity
measured by a Prandtl Pitot tube within the exhaust plume is plotted in bottom graphs of
Figure 4.4. The time series of the car speed is plotted as a thin grey line. The driving pattern
was reflected in the time series but also strong velocity fluctuations were observable. On
one hand, these fluctuations resulted from fluctuations of the car speed, and on the other
hand, they were probably caused by vibrations of the holdingconstruction where the dif-
ferential pressure sensor of the Prandtl Pitot tube was fixed. It was expected that the flow
velocity primarily depends on the car speed. It was observedthat higher car speeds caused
in higher flow velocities, more significant for HDa-sections. But surprisingly, higher engine
speeds resulted also in higher exhaust flow velocity. Flow velocity differences were clearer
seen for the low-car-speed-sections. One possible explanation for this observation is that
the fuel consumption increases with increasing engine speeds. The emitted exhaust volume
increased, which caused in a higher exhaust flow rate and flow velocity, respectively.
Moreover, the flow velocity decreased with increasing distance to the tailpipe in sec-
tions 1, 2, and 4 but it increased in section 3. Generally, theflow field as well as the velocity
of the so-called slip stream behind the car were affected by the car geometry, the car speed,
and the surrounding wind field. The exhaust plume was thus posibly accelerated by the
slip stream behind the car in section 3. In the other sections, this effect played possibly a
minor role because of the all in all higher flow velocity. Modelling of the flow field behind
the car would help to find an improved explanation. However, different flow velocities of
the exhaust resulted in different strength of turbulent mixture with ambient air.
The results of the thermodynamical parameter measurementsshow how complex the
development of the exhaust plume behind the tailpipe is, andit is probably difficult to
simulate a real-atmospheric exhaust plume dilution on a chassis dynamometer.
4.2 Carbon dioxide (CO2) and nitrogen oxide (NOx) con-
centrations
Carbon dioxide (CO2) is, beside its relevance to climate change, a suitable tracg s to
calculate dilution factors within the exhaust plume behindthe tailpipe. It does not react with
other chemical species at the location of production.The CO2 concentrations are shown in
top graphs of Figure 4.5. The time series of the car speed is plotted as a thin grey line, and
the section numbering (see Table 4.1) is also shown.




























































Figure 4.5:Time series of the carbon dioxide (CO2) (top graphs) and the nitrogen oxide (NO and
NO2) (bottom graphs) concentrations within the exhaust plume.The time series of the car speed is
plotted as a thin grey line in top graphs. Section notations are also given. On the left side: HDa; on
the right side: HDb.
The CO2 concentrations in HDa-sections were somewhat lower when driving with high
engine speed but did not show a significant effect. It is not completely to exclude that the
CO2 measurement by infrared spectroscopy was affected by the moisture of the exhaust.
Nevertheless, the CO2 concentrations were approximately 1.5 times as high when driving
with high speed as when driving with low speed. The dependency of the CO2 concentra-
tions on the driving parameters was more significant in HDb-sections. The highest CO2
concentrations within the exhaust plume were observed whendriving with high car speed
and high engine speed (section 2b). The second highest CO2 concentrations did not occur
in section 1b but in section 4b when driving with low car speedan high engine speed.
They were only 1.2 times as low as in section 2b. In contrast, the CO2 concentrations were
in section 3b 3-4 times as low as in sections 4b or 2b, and thus,e lowest when driving
with low car speed and engine speed. These results can be explained again with the higher
fuel consumption when driving with higher car speed and/or higher engine speed. How-
ever, a higher fuel consumption caused in a higher CO2 emission. Thereafter, a second
point is to emphasise. The decrease of the CO2 concentration with increasing distance to
the tailpipe was highly non linear and dependent on the driving parameters. E.g., the CO2
concentrations in sections 2 and 4 were for HDb around 1.5 times as low as for HDa, but
in section 3 they were more than 3 times as low as for HDa. The stronger exhaust CO2
concentration decrement in section 3 could be explained with the relatively slow flow ve-
locity of the exhaust, whereby the residence time of the exhaust plume between the tailpipe
and HDa and HDb, respectively, was longer than in other sections. A longer residence time
might have resulted in a well intermixture with ambient air due to spreading of the exhaust
plume. Mentionable is that the CO2 concentrations within the exhaust plume were 5-15
times as high for HDb as ambient CO2 concentrations of approximately 420 ppm.
Beside the CO2 concentrations, NOx concentrations within the exhaust plume were
measured. NOx is predominantly emitted as NO in high temperature combustion processes.
The main reaction path is the oxidation of NO to NO2 in the atmosphere. This reaction
occurs at a faster rate over an oxidation catalyst in the Diesel car (AECC, 2006). This
oxidation process decreases the directly emitted proportion of NO2 in the Diesel exhaust.
The average ratio of NO to NO2 is 9:1 in the emitted exhaust (Bäumer, 2003). The level
of the emitted NO2 concentration depends on the age of the oxidation catalyst.It is the
higher the fresher the catalyst is. The NO2 conversion rate, which is the NO2/NOx ratio, is
often used in air quality studies as a quantity of the NO2 concentration in the ambient air.
The NO2/NOx ratio is the higher the longer the distance is between the emission source
and the position of nuisance. In these experiments, the horizontal distance was constant
between the point of nuisance, which means the position of the inlet and sensor system,
and the emission source, which means the Diesel car exhaust tailpipe. The distance was
changed once. Differences in the NO2 conversion rate are thus primarily affected by driving
parameters such as car speed and engine speed. Measured NO2/NOx ratios are shown in the
upper part of Table 4.2. Ratios given in the lower part of Table 4.2 were obtained in a long-
term study carried out at different places in Bavaria and Baden-Wuerttemberg, Germany,
between 1990 and 2003 (Rabl and Scholz, 2005). During this time period, an increase of
the NO2/NOx ratios at some places were observed in this study.
Table 4.2: NO2/NOx ratios for all driving sections of the driving experiment carried out on 18
April 2005. Annual average of NO2/NOx ratios measured in 2003 are given too (Rabl and Scholz,
2005).
driving section 1a / 1b 2a / 2b 3a / 3b 4a / 4b
NO2/NOx 0.37 / 0.44 0.28 / 0.32 0.73 / 0.73 0.44 / 0.44
location busy road urban traffic urban background rural background
NO2/NOx ∼ 0.4 ∼ 0.5 ∼ 0.6 ∼ 0.8
The NO2 conversion rate during section 1 and section 4 was on the samelevel as the one
measured in urban traffic. Measured NO2/NOx ratios were lower in section 2 than those
measured in busy roads, and similar in section 3 and the measured in the rural background.
These observations showed that the car speed as well as the engine speed affected the
NO2 conversion rates. The NO2/NOx ratio increased between HDa and HDb in section
1 and section 2, respectively, which means that the concentration of NO decreased faster
than the concentration of NO2. A faster decrease of NO than of NO2 might mean that
the chemical reactions of NO with the atmospheric oxygen andozone were favoured and
the NO2 conversion rate increased. Concentrations of NO and NO2 decrease equable in
sections 3 and 4. This may mean that the chemical reactions (Equation 4.2) are balanced
and the decrease of both gas concentrations was predominantly affected by the dilution of
the exhaust plume. Few more remarks will follow below.
Time series of NO and NO2 concentrations are shown in bottom graphs of Figure 4.5.
The results of the NOx measurements will be separately described. At first for NO con-
centrations and then for NO2 concentrations. The highest NO concentrations were reached
when driving with high car speed and high engine speed (section 2). They were about
50 times as high as the lowest NO concentrations measured in section 3. This signifi-
cant differences in emitted NO concentrations is an examplefor the strong dependence of
the chemical properties of the exhaust on the driving parameters. The driving parameters
influenced the amount of the fuel consumption, and thus, the amount of the NOx emis-
sions. As seen in the results of the CO2 concentrations, the NO concentrations decreased
non-linearly between HDa and HDb. The highest NO concentrations decrease occurred in
section 3, followed by sections 1 and 2. The lowest decrease was observed in section 4.
These observations can only be explained together with the measured NO2 concentrations,
so that these results should be introduced at first.
The NO2 concentrations were similar in sections 1, 2 and 4, but lowerlower for HDb
than for HDa, and almost lower than the NO concentrations. This observation shows that
the measurements took place close to the source, and the convrsion process from NO to
NO2 (Equ. 4.1) was in progress. It looks different in section 3, where the NO2 concentra-
tions were higher than the NO concentrations. This might be due to the longer residence
time between the tailpipe and the inlet tube, and thus, most of NO might have been reacted
to NO2. However, the highest concentration decrease occurred in section 3, followed by
sections 1 and 2, and the lowest decrease was again observable in section 4.
The average NO concentration was 1.7 times (35%) higher in section 1a than in section
4a, but similar for sections 1b and 4b. The average NO2 concentration was slightly higher
in section 1 than in section 4 for HDa and equal in both sections for HDb. The reaction
rate of NO to NO2 might be higher in section 1 than in section 4 because of the higher
exhaust temperature and the higher NO concentration withinthe exhaust plume. Moreover,
the turbulent dilution behind the car might be higher in section 1 than in section 4 because
of the higher car speed.
Some remarks will follow now, which could be explain the observed NOx concentra-
tions behaviour within the exhaust plume. The different decreases of the driving parameters
dependent NOx concentrations might be dependent on the turbulent dilution with the am-
bient air as well as different reaction rates of the chemicalre ction
2 NO + O2 → 2 NO2 (4.1)
Both gases, NO and NO2, play a major role in the tropospheric ozone cycle. This interre-
lation can be expressed in the following chemical reactions:
NO2 + O2 ⇄ NO + O3 (4.2)
The reaction rate of a chemical reaction depends mainly on the concentration of the reac-
tants. The higher the concentration of the reactants is the higher is the chemical reaction
rate. Higher concentrations cause in a higher number of effective molecule collisions per
unit of time. Moreover, the chemical reaction rate increases if the temperature increases
because of the higher kinetic energy of molecules and thus, more collisions per unit time.
This dependency is described by the Arrhenius equation (Mortime , 1996).







wherek is the reaction rate constant, the pre-exponential constant A is the frequency factor,
Ea is the activation energy,R∗ is the ideal gas constant andT is the absolute temperature.
A general rule of thumb is that a temperature increase of 10 K causes twice to 4 times
higher chemical reaction rates (van’t Hoffs rule).
Additionally, the higher reductions of NO than of NO2 concentrations might be due to
different diffusion velocities of gases. The diffusion velocity of NO is higher than of NO2
because of their lower molar mass, and the higher the temperatur the higher the diffusion
velocity.
Concentration fluctuations of NO were related to acceleration and deceleration during
the drive, which can be seen in the time series of the car speed(Figure 4.5). Fluctuations
of the NO2 concentration were significant weaker, more obvious in HDb than in HDa. One
reason might be that NO2 was predominantly converted from NO and less emitted directly
so that fluctuations were smoothed.
4.3 Particle number concentrations and size distributions
Basic parameters describing aerosol particle characteristics are number size distribution
and particle number concentration. Abbreviations are usedin this chapter are NSD for
particle number size distribution as dN / dlog dp in particles per cm3 (cm−3), PNCnuc and
PNCsoot for the mean number concentration in cm−3 of the nucleation mode and of the
soot/accumulation mode particles, respectively, and total PNC for the total particle number
concentration in cm−3, which is the integral over the entire size range.
At first, results of measured NSDs within the exhaust plume are int oduced, then mean
NSDs, standard deviations, and estimated mean mode diameters are described. At the end
of this chapter, PNCs are compared with regard to the different consequences of the driving
parameters.
The time series of the NSD is shown in bottom graphs of Figure 4.6 as a coloured
contour plot. The colours in the legend represent the numberconcentration as dN / dlogdp.
Time series of car speeds and engine speeds are plotted in topgraphs of Figure 4.6. Driving
sections are also denoted as grey numbers and letters.
New particle formation (nucleation), identified by the presence of particles smaller than
25 nm, was observed in sections 1a, 2a and 4a as well as in section 2b. Probably, due
to dilution and spreading within the exhaust plume, conspicuously less in section 1b and
section 4b. Nucleation was not observed during driving withlow car speed and low engine
speed (section 3) for HDa as well as for HDb. It can be concluded that the new particle
formation within the exhaust plume mainly depends on the driving parameters.





































































Figure 4.6:Time series of the particle number size distribution (bottom graphs) for different car
speeds and engine speeds (top graphs). The grey numbers and letters represent the different driving
sections. On the left side: HDa; on the right side: HDb.
Number concentrations were highest in case of high car speedand high engine speed (sec-
tion 2). A high number of nucleation mode particles were observed for both horizontal
distances. Here, e.g., the fuel consumption and the exhausttemperature were highest com-
pared to other sections. Nucleation mode particles are usually formed by nucleation of
sulphuric acid, water and other species. Because of the low sulphur content (6 ppm), this
mechanism alone might have not generated the observed number concentrations of nucle-
ation mode particles. Jung et al. (2003) reported that lube oil metals influence the Diesel
particle formation and result in the formation of a large solid nucleation mode. Mathis et al.
(2004a) estimated in their investigation that the additional sulphur contribution in the ex-
haust by lube oil consumption was 6 ppm fuel equivalent. The lub oil combustion could
thus increase the H2SO4 fraction in the exhaust. The lube oil consumption increaseswith
the car speed and/or the engine speed because of the higher engine friction increases the
need of engine lubrication (Bauer, 2003). Hence, the H2SO4 gas concentration might be
increased in the exhaust, and therefore, the possibility ofnucleation.
Due to dilution and spreading of the exhaust plume, number concentrations decrease
with increasing distance to the tailpipe. The almost complete absence of observable nu-
cleation in sections 1b and 4b might probably be due to the dilution with the ambient air.
Hence, e.g., the H2SO4 concentration decreased and significant higher concentrations of
nucleation mode particles were not formed between HDa and HDb.
Beside the nucleation process, the emission of primarily formed soot particle was al-
most constantly high (few 106 cm−3) for all sections. The emission of soot particles was
relatively independent of driving parameters as shown later in this chapter. The emission
of soot particles might be mainly reduced by installation ofa Diesel particle filter.
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Figure 4.7:Mean NSDs for different car speeds and engine speeds averaged over all driving ex-
periments and divided by driving sections. Standard deviations are plotted too. The inlet and sensor
system was arranged in two different horizontal distances to the exhaust tailpipe (see Table 4.1).
The mean NSDs and standard deviations are plotted in Figure 4.7. Mean values and
standard deviations were calculated over all five driving experiments and each driving sec-
tion. The driving car speeds and engine speeds are given in each caption of the graphs. Two
size distributions are plotted in every graph, one for HDa (magenta or orange symbols) and
one for HDb (olive or green symbols). The top graphs of Figure 4.7 show the mean NSDs
when driving with high car speed, but different engine speeds, and the bottom graphs show
the mean NSDs when driving with low car speed, but different engine speeds.
In NSDs of the Diesel exhaust, particles smaller than 30 nm are commonly referred
as ’nucleation mode particles’, which mainly consists of primarily volatile material (e.g.,
hydrocarbons derived from lubricating oil with a small coref sulphuric acid, carbon or
metallic ash (Kittelson et al., 2002)), and particles in the30-500 nm size range are com-
monly referred as ’accumulation mode particles’, which mainly consists of soot and con-
densed hydrocarbons and are primarily non-volatile. Both modes are distinct, but overlap-
ping in the NSD (Kittelson et al., 2002). ’Aitken mode particles’ are sometimes included
in ’accumulation mode particles’ and are not separately specified. Typical particle modes
in the 10-15 nm and the 20-25 nm size range (nucleation mode),and the 40-60 nm size
range (Aitken mode) were found in urban traffic-related measurements (Ketzel et al., 2003;
Wehner and Wiedensohler, 2003; Pirjola et al., 2006).
In contrast to other studies (e.g., Maricq et al. (2002); Vogt et al. (2003); Mathis et al.
(2004b)), well-defined log-normal modes were not observable in most of the mean NSDs,
especially for HDa, and therefore, they were not fitted. However, mean mode particle
diameters were estimated and PNCnuc and PNCsoot as well as total PNCs were calculated.
Section 1 (top left-side graph): A nucleation mode might be assumed in section 1a
for particles smaller than 9 nm in diameter. The smallest detectable particle diameter of
the SMPS system was 7 nm. Therefore, a nucleation mode of smaller p rticles could not
be resolved. The number concentrations for sizes smaller than 25 nm were (5.5-8.5)×106
cm−3. A mean mode diameter of soot particles might be assumed between 40 and 50 nm
in diameter. The number concentrations in this size range wer 8.0×106 cm−3. Standard
deviations were high for the nucleation particle size rangeas well as for particles larger than
250 nm. The number concentrations in the soot mode were similar for all experiments,
which can be seen by small standard deviations. The stable developed nucleation mode
disappeared in section 1b. Single SMPS scans in section 1b showed a nucleation mode for
particles smaller than 10 nm. This mode was not observable for most of the other scans
during the experiments. Therefore, these outlier scans were not included in mean NSDs
and standard deviation calculations. Outlier scans resultd probably from accelerations or
wind gusts, which cannot resolved in 3 min SMPS scans (90 min up pl s 90 min down
scan). Wind gusts as well as abrupt lane changeover moved theexhaust plume, whereas
the number concentration at the inlet tube could be changed for a short time period. A mean
mode diameter of the soot mode was estimated in the 60 an 70 nm particle diameter range.
Mean NSDs for both distances showed a similar shape for particles larger than 25 nm. The
number concentration was lower for HDb than for HDa due to dilution with ambient air.
The mean soot mode diameter was about 10-15 nm shifted to larger particle diameters. A
possible explanation is that smaller particles rapidly coagul te within the exhaust plume,
which caused in a larger particle size.
Section 2 (top right-side graph): A mean nucleation mode diameter cannot be deter-
mined in the mean NSD of section 2a. A clearly defined soot modewas not observable
too. It was seen in the NSD of the raw SMPS data (not shown here)that number concen-
trations reached the upper limit of the concentration measurement range of the CPC. Thus,
the result shown here should be considered with reservation. I is possible that the number
concentration was even higher. Nevertheless, new particleformation might be in progress
during the short distance of approximately 45 cm, and therefore, the nucleation mode was
not completely developed (Uhrner, 2005). A completely develop d nucleation mode was
observable in section 2b. The mean mode diameter was found at12 nm. This suggests
that nucleation mode particles were emitted directly or formed within a short distance to
the exhaust tailpipe. The number concentrations for particles smaller than 25 nm were
approximately (7-20)×106 cm−3. The soot mode covered again a broad size range. The
mean mode diameter was estimated between 30 and 50 nm with number concentrations of
4.7×106 cm−3.
Section 3 (bottom left-side graph): The mean NSDs in section3 looked different to
those when driving with high car speed. A nucleation mode wasnot observable but num-
ber concentrations above 106 cm−3 were measured for particles in the 15 to 25 nm diameter
range. The mean mode diameter of the soot mode was between 40 and 5 nm for HDa and
at 50 to 60 nm for HDb. This shifting might be explained again by particle coagulation and
condensation within the first meter behind the tailpipe. Thenumber concentrations in these
size range were 7.5×106 cm−3 and 3×106 cm−3, respectively. The mean NSD for HDa
shows a shoulder at 150 nm, which might be caused by larger soot agglomerations by sepa-
ration from the surface of the tailpipe. Some exhaust particles are deposited on the exhaust
tailpipe walls due to thermophoretic forces, i.e., mass transfer driven by a temperature gra-
dient (Morawska et al., 2004). That certainly happened alsofor ther sections. The exhaust
temperatures in the other sections were even higher, and these soot agglomerations were
probably burned to smaller particles. The broadness of the soot mode might be explained
by this circumstance.
Section 4 (bottom right-side graph): In the mean NSD for section 4a a completely de-
veloped nucleation mode cannot be seen for particles smaller than 10 nm in diameter. The
number concentration in this size range was about 8×106 cm−3. The estimated mean mode
diameter of the soot mode was between 25-35 nm, and the numberconcentration was ap-
proximately 7.5×106 cm−3. The nucleation mode disappeared in the mean NSD for section
4b, probably due to dilution with ambient air. Nevertheless, the number concentration was
about (2-4)×106 cm−3 in the nucleation mode size range, and thus, twice as high as te
number concentration, e.g., in section 1b (high car speed and low engine speed), and 3
times as high as, e.g., in section 3b (low car and engine speed).
The occurrence of the nucleation mode depending on car speedand engine speeds is
one main result of this study. The reasons of their appearance or disappearance were not
found completely. The most possible explanation is that an increased fuel and lube oil
consumption as well as high exhaust temperatures favour theformation of nucleation mode
particles by nucleation. Aerosol model calculations wouldprobably help to encourage this
assumption. In car chasing experiments (e.g., Vogt et al. (2003); Giechaskiel et al. (2005)),
whose results are most suitable for comparison with resultsof this study, a stable developed
nucleation mode was only observable if the Diesel fuel sulphr content was about 280
ppm. The fuel sulphur content plays an important role in the new particle formation,
e.g., Ntziachristos et al. (2000) and Maricq et al. (2002). The nucleation mechanisms
were described in Chapter 1. A nucleation mode was not yet observed when low-sulphur
Diesel fuel (< 50 ppm) was used. In this study sulphur-free Diesel fuel (∼ 6 ppm) was used.
At the end of this chapter, mean number concentrations of nucleation mode parti-
cles (PNCnuc), mean number concentrations in the soot/accumulation mode (PNCsoot), and
total PNCs as well as their dependence on the driving parameters are discussed. Because
of the less developed or not detectable nucleation mode and the broad soot mode in mean
NSDs (see Figure 4.7), PNCs were calculated for the size range of 7-25 nm particles in
diameter in this study denoted as ’nucleation mode particles’, for the particle size range
of 25-400 nm diameter denoted as ’soot/accumulation mode particles’, and the entire size
range (7-400 nm) denoted as ’total number’. PNCs are plottedin the top graph of Figure
4.8. Cycles mark measurements with lower engine speed and triangles those with higher
engine speed. Coloured, solid symbols mark the PNCnuc and coloured, open symbols
mark the PNCsoot. The sum of both PNCs resulted in the total PNC of the entire siz range.
The numbering of driving sections and their associated driving parameters were given in
Table 4.1.
The highest total PNC was observed in section 2 for both distances. This was the section
with the highest PNCnuc in comparison to the other sections. Moreover, the decreases of
PNCnuc with increasing distance to the tailpipe were different forthe different sections.
The PNCnuc was during section 2 twice as low for HDb as for HDa. It was more than
6 times as low during section 1b as during section 1a, and approximately 3 times as low
during section 4b as during section 4a. No nucleation mode was observed during section 3.
The lower decrease of the PNCnuc during section 2 might mean that new particle formation


































































nuc - nucleation mode (7 - 25 nm)
soot - soot/accumulation mode (25 - 400 nm)
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Figure 4.8: Top graph: PNCs and standard deviations calculated from allexperiments and for
each driving section for the entire particle size range (grey, solid symbols), PNCnuc (coloured, solid
symbols) and PNCsoot (coloured, open symbols). Bottom graph, left side: PNCnuc for every single
experiment and each driving section. Bottom graph, right side: PNCsoot for every single experiment
and each driving section.
PNCsoot were similar during all driving sections, independent of the different car speeds
and engine speeds. In order to point out this result, dashed boxes in Figure 4.8 show the
similar PNCsoot. The PNCsoot was (5.0±0.8)×106 cm−3 for HDa and (2.5±0.5)×106 cm−3
for HDb. Hence, the higher car speed or engine speed had less influence of the primary
emitted soot particles, although a higher fuel consumptionmight be assumed. This results
is in contrast to results for other parameters, where a strong influence of higher engine
speeds was seen. The decrease of the PNCsoot within the exhaust plume with increasing
distance to the tailpipe was consequently mainly affected by the dilution with ambient air.
The results of PNCnuc and of PNCsoot of each single experiment are shown in bottom
graphs of Figure 4.8 and are discussed in this paragraph. PNCs in both modes show that
results of one experiment were nearly reproducible in another one, and furthermore the
strong influence of the driving parameters of the PNCs, especially in the nucleation mode.
The PNCnuc are shown in the left-side graph of the figure. In particular,PNCnuc were nearly
similar for all experiments in sections 2a, 1b, and 4b. Differences of PNCnuc were higher
in sections 1a, 4a, and 2b, especially between experiments I, II, and III. This observation
cannot completely explained. One possible reason is that the aerosol inlet tube was not
identically orientated relative to the tailpipe for each exp riment, especially during HDa-


































































































































Figure 4.9: Time series of the car speed (light-grey lines), the engine speed (grey lines), and
PNCnuc (red squares) as well as PNCsoot (black squares). Top graph: HDa, Bottom graph: HDb.
A significant correlation could not be found between meteorological conditions and
PNCnuc. Kittelson et al. (2000) reported that relatively more nucleation mode particles
were formed during dilution under cooler ambient conditions. They observed an increase of
the number concentration in the nucleation mode by nearly a factor of 10 as the temperature
was reduced from 25 to 15◦C. Here, increased PNCnuc were not associated with lower
ambient temperatures. However, the ambient temperature was below 15◦C at all times of
experiments so that a potential correlation with higher ambient temperatures could not be
verified. PNCsoot in the soot/accumulation mode for every single experiment are plotted
on the right-side of Figure 4.8. Only weak differences betwen single experiments were
found. An possible misarrangement of the aerosol inlet tubedid not play a role. The
soot/accumulation mode particles were probably more uniformly distributed within the
exhaust plume than the nucleation mode particles.
As an example, time series of the PNCnuc and the PNCsoot are plotted in Figure 4.9.
The relationship between the car speed, the engine speed, and the PNCnuc was significant
for all driving sections as well as for both horizontal distances.
In summary, it has been found that PNCsoot in the soot/accumulation mode were almost
similar for different driving sections, and naturally lower for HDb. That means that different
car speeds and/or engine speeds have less importance on emitted soot particles. The total
PNC within the exhaust plume was approximately one order of magnitude higher than the
ambient total PNC. Zhu et al. (2002) reported total PNCs of (1.8-2.5)×105 cm−3 measured
close to a major highway with heavy-duty vehicle traffic. However, the important difference
was the occurrence of new particle formation, and thus, the dev lopment of a nucleation
particle mode. The total PNC within the Diesel exhaust plumewas significantly higher than
the emitted PNCsoot when driving with high car speed and high engine speed becausof the
increase of the PNCnuc. Increased PNCnuc within the exhaust plume were also observed
when driving with high car speed and low engine speed or driving with low car speed
and high engine speed. PNCnuc strongly decreased with increasing distance to the exhaust
tailpipe, as a consequence of the dilution with ambient air.No significantly increased
PNCnuc were observed during driving with low car speed and low engine speed. The high
number of emitted particles in the soot/accumulation mode,which mainly consists of soot
particles, was nearly independent of the driving parameters. Consequently, their number
can be generally only reduced by changes in the exhaust after-treatment like Diesel particle
filters.
Chapter 5
Results - Petrol passenger car
measurements
Three experiments have been performed with a Petrol car on the public motorway, in ad-
dition to experiments with a Diesel car. The first one was mainly i tended to test the
measurement system and to find out a suitable driving pattern. Driving with high car speed
and high engine speed (4th gear) was impractical for the Petrol ca , in order to save the
engine. The second and the third experiments were nearly comparable with each other.
During the 2nd experiment, problems occurred concerning data acquisition, and therefore,
results from the 3rd experiment carried out on 10 March 2005 are shown here. The driven
car speeds and engine speeds are summarised in Table 5.1.
Table 5.1:Summary of driven car speeds and engine speeds for each driving section. Sections
are numbered similar to the numbering in Diesel car experiments. Average horizontal distances
between the exhaust tailpipe and the inlet and sensor systemare also given.
car speed engine speed horizontal distance
[km h−1] [min−1] 36 cm (HDa) 85 cm (HDb)
149 4400 1a 1b
92 2730 3a 3b
93 3440 4a 4b
The time series of driven car speeds and engine speeds are shown in Figure 5.1. Section
1 was driven once in both directions, whereas section 3 and section 4 were driven once in
one direction. Therefore, indices (1 and 2) are used to distinguish between both directions.
The horizontal distance between the tailpipe and the inlet and sensor system was changed
once during the experiment. The arrangement of the inlet tubes and sensors was shown in
Figure 2.10. Mean values were calculated for each parameter(se Appendix A.2).
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Figure 5.1:Time series of car speeds and engine speeds of the experimentcarried out on 10 March
2005. Driving section numbers are denoted.
5.1 Thermodynamic parameters
Measured data of thermodynamic parameters within the Petrol exhaust plume are discussed
in this chapter, similar to the results of the Diesel car measurements (see Chapter 4.1). The
results were useful to understand the dilution and spreading processes of the exhaust plume.
Figure 5.2 shows the time series of the exhaust temperature measured with thermocouples
(top graphs), Vaisala sensors (middle graphs) as well as thetime series of the relative hu-
midity (bottom graphs). Results for HDa are plotted on the left side, and those for HDb
are plotted on the right side. Horizontal and vertical distances between the tailpipe and the
tailpipe centre-line height, respectively, and the inlet and sensor system were summarised
in Table 3.2 and are shown here again:
T Exhaust T Prandtl T Aerosol Vaisala1 Vaisala2
horizontal distance [cm] 2±0.5 28/76±1.0 36/85±1.0 35/84±1.0 35/84±1.0
vertical distance [cm] 0±0.5 -5±0.5 -5±0.5 +11±0.5 -1
The exhaust temperature was dependent on the car speed, which was seen in the Diesel
car experiments too. The average exhaust temperature was around 420◦C, 230◦C, and 250
◦C in sections 1, 3, and 4, respectively. The engine speed was slightly higher in section 4
than in section 3 (700 min−1), which then resulted in a 20 K higher exhaust temperature.
The exhaust temperature was 70-120 K higher than in comparable driving sections of the
Diesel car experiment. The temperature decreased within the ex aust plume with increas-
ing horizontal distance to the tailpipe due to dilution withthe ambient air. The ambient
























































































































Figure 5.2:Time series of the exhaust temperature measured with thermocouples (top graphs) and
Vaisala sensors (middle graphs) as well as time series of therelative humidity (bottom graphs). The
time series of the car speed is also plotted in mid graphs as a thin grey line. On the left side: HDa;
on the right side: HDb.
gradient existed between the exhaust and the ambient air. A strong temperature gradient
might cause in a strong turbulent intermixture with ambientair, particular in section 1. The
exhaust temperature was approximately 400◦C in section 1 and was still 100◦C when the
exhaust plume reached the second thermocouple (TPrandtl) in HDa. The temperature within
the exhaust plume was only 10-20 K higher than the ambient airtemperature when the ex-
haust plume reached the third thermocouple (TAerosol) in HDb. This temperature difference
suggests that the exhaust plume was particularly well diluted with ambient air in HDb. The
temperature of the exhaust, when it left the tailpipe, was around 200 K lower in section 3
than in section 1. The exhaust plume temperature was only about 15 K higher in section 1b
than in section 3b, measured at the position of TAerosol. Thus, higher thermodynamic tur-
bulence and flow field turbulence might be expected in section1, which caused in a faster
temperature decrease within the exhaust plume. Such high exhaust temperature differences
of the different sections, and such a high temperature decrease with increasing distance to
the tailpipe was not observed in the Diesel car experiment. It can be concluded that the
dilution was stronger within the Petrol than within the Diesel exhaust plume because of the
stronger temperature gradient between the exhaust plume and ambient air.
The temperature measurements of the two Vaisala sensors areplotted in the middle of
Figure 5.2. The left-side graph shows the time series for HDa. The time series of Vaisala1
shows less temperature fluctuations, whereas the temperature times series of Vaisala2 fol-
lows the driving pattern. Obviously, both sensors measuredin different regions of the ex-
haust plume. Vaisala1 measured probably in a border region of the exhaust plume, where
the temperature differences between the exhaust and the ambi nt air were low. Whereas,
the temperature measurements of Vaisala2 were carried out nearly on the same level as the
tailpipe centre-line height. Thus, Vaisala2 was situated more in the centre region of the
exhaust plume, where higher temperatures can be expected.
The middle right-side graph of Figure 5.2 shows the temperature time series for HDb.
The temperatures within the exhaust plume were nearly equalat the different positions
of both Vaisala sensors. Temperature gradients were much weaker than for HDa due to
the spreading and the dilution of the exhaust plume. In the Diesel car experiment, equal
temperatures at the different sensor positions within the ex aust plume were only observed
when driving with low car speed and low engine speed. The moreuniformly distributed
temperatures within the Petrol exhaust plume were a furtherindication for the stronger
dilution behind the Petrol car than the Diesel car. However,the position of the inlet and
sensor system within the exhaust plumes were probably not exac ly the same for the Diesel
and the Petrol car experiment.
Time series of the relative humidity are shown in the bottom graphs of Figure 5.2.
The relative humidity was nearly constant during section 1a, but lower at Vaisala2 than at
Vaisala1. Strong fluctuations of the relative humidity within the exhaust plume were ob-
servable in sections 3a and 4a at the position of Vaisala2. Atdiscussed above, the dilution
with ambient air was more intensive when the exhaust temperatur s well as the car speed
were higher. Thus, the exhaust plume was probably dried by the in ermixed ambient air and
fluctuations were smoothed, more significant in section 1a than in the others. The fluctua-
tions of the relative humidity were lower in HDb due to the higher degree of dilution with
ambient air than in HDa. Relative humidity peaks occurred between the driving sections
when the car speed and the exhaust temperature decreased.
The time series of the absolute humidity (top graph) and of the flow velocity (bottom
graphs) are shown in Figure 5.3. The absolute humidity of theexhaust exceeded the mea-
surement range of the Lyman-α hygrometer, especially in section 1a. Therefore, results are
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Figure 5.3: Time series of the absolute humidity (top graph) and of the flow velocity (bottom
graphs). The time series of the car speed is plotted as a thin grey line. On the left side: HDa; on the
right side: HDb.
1b than in section 3b and 4b. A higher car speed caused a higherfuel consumption, which
might increase the water vapour content within the exhaust pl me. The absolute humidity
peaked during accelerations at the beginning of each section. The fluctuations of the ab-
solute humidity were stronger in section 1b than in sections3b or 4. Probably, due to the
higher car speed, and a subsequent higher turbulence of the flow field behind the car. The
higher turbulence for the higher car speed resulted in a stronger intermixture with the ambi-
ent air and their thermodynamic characteristics. Hence, stronger gradients of the absolute
humidity within the exhaust plume might have been developed.
The time series of the flow velocity of the exhaust stream is shown in bottom graphs
of Figure 5.3. The flow velocity was on average similar in section 1 at both distances, but
it increased slightly with the distance in section 3 and 4. The wake1 behind the car might
accelerate the exhaust plume. The velocity of the wake depends o the car speed itself and
the distance to the car. The velocity of the wake was perhaps lower at HDa than at HDb
1”A wake is the region of turbulence immediately to the rear ofa solid body caused by the flow of air
around the body.” From Wikipedia, the free encyclopedia
when driving with the lower car speed. An increase of the flow velocity with increasing
distance to the tailpipe was also observed in the Diesel car experiment when driving with
low car speed and low engine speed (see Chapter 4.1, Figure 4.4). Another reason for this
observation might be the peripheral adjustment of the inletand sensor system relative to the
exhaust plume. This aspect was maybe more important in HDa. The mean flow velocity
was 15% higher in section 3a than in section 4a, but it was 20% lower in section 3b than in
section 4b. The driving parameters as well as the wind velocity and direction relative to the
driving direction affected the spreading of the exhaust stream, and thus, the flow velocity
within the exhaust plume, too.
In the following, the possible relationship between the driving direction and the wind
field is shortly described for section 1. The mean flow velocity was about 10 km h−1 lower
for driving sections 1a1 and 1b1 than for sections 1a2 and 1b2, respectively. The same
observation was made in the experiment carried out three days before. Index 1 denotes
driving from exit Leipzig-South West to exit Bad Lauchstädtand index 2 denotes driving
in the opposite direction (see Chapter 3.1, Figure 3.1). South-westerly winds were blowing
at both days. The first 15 km toward Bad Lauchstädt were drivendiagonal against the wind
until the motorway makes a right-hand bend. After that, driving was with tailwind. In
the opposite direction, from Bad Lauchstädt to Leipzig-South West, the first 25 km were
driven against the wind and the last 15 km was driven with diagon l tailwind. The wind was
moderate, around 3 m s−1 with gusts up to 6 m s−1 measured at the IfT building during the
time period when the measurement were carried out. Hence, whn driving with tailwind
the flow velocity was lower than when driving against the wind. In addition, the mean car
speed was slightly higher (1-2 km h−1) when driving toward Leipzig-South West because
of a slightly downward slope of the motorway. A higher car speed caused a higher exhaust
flow velocity.
5.2 Carbon dioxide (CO2) and nitrogen oxide (NOx) con-
centrations
The results of the trace gas measurements are plotted in Figure 5.4. The top graphs show the
time series of CO2 concentrations and the bottom graphs show time series of NO and NO2
concentrations. The time series shown on the left side were masured for HDa, and those
on the right side were measured for HDb. The sample flow was led through a diffusion dryer
before entering the emission analyser because of the high humidity of the Petrol exhaust.
The CO2 concentrations were nearly similar during section 1a and section 4a. The av-
erage CO2 concentrations were around 1 vol.% (10,000 ppm) and 0.9 vol.% (9,000 ppm).





























































Figure 5.4:Time series of the carbon dioxide (top graphs) and the nitrogen oxide (bottom graphs)
concentrations within the exhaust plume. The time series ofthe car speed is also plotted as a thin
grey line in the upper figure. On the left side: HDa; on the right side: HDb.
The average CO2 concentrations were thus around 20 times as high as the average am-
bient air CO2 concentration measured on this motorway (0.045-0.05 vol.% and 450-500
ppm, respectively). The CO2 concentration was 30% lower in section 3a than in section
4a, but it was similar, even slightly higher in section 3b than in section 4b. The concentra-
tion decreased by 75% in section 4 between HDa and HDb. This decrease was more than
10% higher than that in the other two sections. This observationcould not be explained
satisfactorily.
An influence of the driving direction on the CO2 concentration within the exhaust plume
was observable again in section 1. The CO2 concentration was higher when driving toward
Bad Lauchstädt (sections 1a1 nd 1b1) than when driving toward Leipzig-South West (sec-
tions 1a2 and 1b2). The exhaust flow velocity behaved inversely to the CO2 concentration.
A lower flow velocity resulted in a slower propagation of the exhaust plume so that the
CO2 concentration increased within the exhaust plume. The fuelconsumption were ap-
proximately equal for both directions driven in section 1. Thus, the fuel consumption was
not responsible for the observed CO2 concentration differences.
Time series of the NOx concentrations are shown in the bottom graphs of Figure 5.4.
Time series did not reflect the driving pattern. NOx concentrations were obviously lower
than the detection range of the emission analyser (see Chapter 2.2). Only few concentration
peaks occurred during strong acceleration. The controlledcatalytic converter removed NOx
nearly complete. Thus, Petrol cars with controlled catalytic converter contribute much less
to the traffic emitted nitrogen dioxides than Diesel cars do (see Chapter 4.2). The emitted
NOx concentrations were 10 to 100 times higher for the Diesel carthan for the Petrol car.
5.3 Particle number concentrations and size distributions
Measurements of the particle number size distributions were analysed similar to the anal-
ysis of the Diesel car measurements. Abbreviations are usedin this chapter are NSD for
particle number size distribution as dN / dlogdp in cm−3, PNCnuc and PNCsoot for the mean
number concentration in cm−3 of the nucleation mode and of the soot/accumulation mode
particles, respectively, and total PNC for the total particle number concentration in cm−3,
which is dN / dlogdp integrated over the measured size range.
Petrol car experiments were performed during a short time period, and it was impracti-
cal to find a correlation between the meteorological conditions and the total PNCs. More-
over, much less data are available for the Petrol car than forthe Diesel car.
In the following, NSDs and PNCs are introduced and discussed, which were measured
on 10 March 2005 within the Petrol exhaust plume. Mean NSDs and standard deviations
were calculated over all single SMPS scans measured during this experiment.
The time series of the NSD is shown in bottom graphs of Figure 5.5 as a coloured
contour plot. The colours in the legend represent number concentrations. Time series of
the car speed and the engine speed are plotted in top graphs ofFigure 5.5. Driving sections
are denoted as grey numbers and letters in these graphs. The first section was driven two
times with high car speed and the second and the third sectionwas driven with low car
speed. Thereafter, the position of the inlet system was changed, and the same pattern was
driven again in reverse order.
The highest number concentrations were observed in section1a (left-side graph). The
number concentration was somewhat higher in part a1 th n in part a2 of section 1, which
could be explained by the different flow velocity and the winddirection relative to the
driving direction of the car. The flow velocity within the exhaust plume was approximately
10 km h−1 lower in part a1 than in part a2 of section 1, whereby the spreading of the exhaust
plume should became slower (see also Chapter 5.1). The number concentration was nearly
equal in part 1b1 and part 1b2. A peak occurred in the number concentration in part 1b2



































































Figure 5.5:Time series of the particle number size distribution for different car speeds and engine
speeds. On the left side: HDa; on the right side: HDb.
during strong acceleration. Number concentrations withine exhaust plume were much
lower during sections 3 and 4 than during section 1. Few number concentration peaks
were observed for particles smaller than 20 nm in diameter. The number concentration
seemed to be slightly higher in section 4a than section 3a, but nearly equal for both sections
for HDb. New particles were formed perhaps during section 1a and section 4a. Number
concentration peaks were more than 2-4 times lower by an order f magnitude within the
Petrol exhaust plume than observed number concentration peaks within the Diesel exhaust
plume.
The mean NSDs and standard deviations as well as mean particle number concentra-
tions are plotted in Figure 5.6. The top left-side graph shows the mean NSDs measured
within the exhaust plume during section 1. For the purpose ofclarity, mean NSDs were
combined for both driving directions of section 1 (1a1 and 1a2, and 1b1 and 1b2, respec-
tively), regardless of somewhat different number concentrations. Bottom graphs of Figure
5.6 show mean NSDs measured during section 3, left side and section 4, right side. The
mean ’ambient’ NSD measured on the A9-motorway is plotted, too. Unfortunately, no si-
multaneous measurements of the NSD of ambient air were available. As an example of the
’ambient’ NSD of particles, the NSD measured in the experiment carried out on 01 March
2005 on the A9-motorway is plotted as a black, dashed line in Figure 5.6. The aerosol inlet
tube was fixed in a higher position on the bicycle rack and not within the exhaust plume.
The A9-motorway is a busy six-lane road with a high fraction of heavy-duty vehicle traffic.
It is situated close to the A38-motorway. Therefore, similar NSD but lower number con-
centrations were expected on the A38-motorway. Moreover, th re were also heavy-duty
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Figure 5.6:Mean NSDs for different car speeds and engine speeds, and foreach driving section.
Standard deviations are plotted, too. The inlet and sensor sy tem was arranged in two different hori-
zontal distances to the exhaust tailpipe. The ’ambient’ mean NSD measured on the A9-motorway is
plotted as a dashed, black line. PNCs are plotted in the top right-side graph. PNCs were calculated
for nucleation mode particles, soot/accumulation mode particles, and the total particle number.
The mean NSD in section 1a showed a nearly unimodal shape. A significant nucleation
mode was not developed. The number concentration was about (3-5)×105 cm−3 over a
broad particle size range from about 15 to 100 nm in diameter.The number concentration
in the comparable driving section in the Diesel car experiment was 3-4 times as high as in
the Petrol car experiment. The mean NSD in section 1b showed asimilar shape than in
section 1b but lower number concentrations due to dilution with ambient air.
The mean NSDs do not differ significantly in shape for particles larger than 25 nm in
driving sections 3a and 3b, and the number concentration waseven slightly higher in section
3b than section 3a. The number concentration was for 7 to 25 nmparticles in diameter up to
3 times as high in section 3b as in section 3a. This observation cannot be explained, because
of the small number of comparative data. However, the mean NSDs measured behind
the Petrol tailpipe looked very similar to the mean ’ambient’ NSD measured on the A9-
motorway. Assuming that ’ambient’ number concentrations were somewhat higher than
the emitted number concentrations, the number concentrations might be increased within
the exhaust plume with increasing distance to the tailpipe and a higher degree of dilution.
Unfortunately, the same behaviour could not be observed during section 4. The number
concentration was equal or slightly higher in section 4a than in section 4b. However, the
observed variability of data, and thus, the uncertainty of the results was especially high
during section 4. Hence, further investigations seem to be ess ntial. Nevertheless, different
NSDs were observed dependent on different car speeds and engine speed.
In the following, the relationship between the number concentration measured within
the Petrol exhaust plume and the driving parameters will be inv stigated. In the style of the
analysis of the Diesel mean NSDs, the mean particle number concentrations were calcu-
lated for the 7-25 nm and the 25-400 nm particle size range (PNCnuc and PNCsoot, respec-
tively) as well as for the total PNCs. PNCnuc (coloured, solid symbols), PNCsoot (coloured,
open symbols), and total PNC (grey, solid symbols). PNCs areplotted in the top right-side
graph of Figure 5.6. The total PNC was 1.5 times as high in driving part a1 as in part a2
of section 1, which might be caused by the somewhat lower flow velocity, and thus, slower
spreading of the exhaust plume as descried above (see Chapter 5.2). This effect was less
observable for HDb, where the total PNC were nearly equal in part b1 and part b2 of section
1. The total PNC was∼10 times as high in section 1a (average of both parts) as in section
4a, and 3 times as high in section 1b as in section 3b. The higher car speed in section
1 resulted in a higher fuel consumption. Thus, a higher number concentration within the
exhaust plume can be expect for a higher car speed as well as higher fuel consumption.
The total PNC was 1.5 times as high in section 4a as in section 3a. The reverse ratio was
observed for HDb, which could not be satisfactorily explained (see above). PNCnuc were
higher than PNCsoot during driving sections 3 and 4, which might caused by the higher
ambient number concentration of particles smaller than 25 nm than particles larger than 25
nm. Concerning the emitted number concentrations, the Petrol ca plays a minor role com-
pared to Diesel car emissions. Petrol car emissions become mor relevant when driving
with high car speed an high engine speed.
Chapter 6
Results - Measurements in local urban
traffic
Further driving experiments were carried out in the local urban traffic with the Diesel and
the Petrol passenger car. The measurement results are introduced and discussed in this
chapter, and both cars will be directly compared with each other. Investigations took place
on urban roads around the Eisenbahnstraße in Leipzig as described in Chapter 3.2, and
were carried out during a time period of two weeks in spring 2005. The results presented
here date from experiments performed on 21 March 2005 with the Petrol car and on 31
March 2005 with the Diesel car. The ambient temperature was around 7◦C with scattered
clouds on both days. The inlet and sensor system was mounted in HDa. The horizontal
and vertical distances of the inlet and sensor system as wellas xperimental conditions are
given in Table 3.5. The average car speed was 30 km h−1 and the average engine speed
was 1800 min−1 for the Petrol car, and 29 km h−1 and 1500 min−1 for the Diesel car. The
averages include stops at traffic lights. The measured parameters were identical with those
measured on the public motorway. The absolute humidity was not measured because of the
too humid Petrol exhaust. In the following figures, the results of the Petrol and Diesel car
are shown in plots on the left- and right-hand side, respectiv ly.
6.1 Thermodynamic parameters
Time series of exhaust temperatures measured with thermocouples (top graphs), Vaisala
sensors (middle graphs) as well as the flow velocity measurements (bottom graphs) are
shown in Figure 6.1. Time series of car speeds are plotted as thin grey lines in the bottom
graphs. The exhaust temperature of the Petrol car fluctuatedstrongly and varied between


































































































Figure 6.1:Time series of exhaust temperatures measured with 3 thermocouples at different posi-
tions (top graphs), 2 Vaisala sensors (middle graphs) as well as time series of flow velocities (bottom
graphs). Time series of car speeds are plotted as thin grey lin s in the bottom graphs.
marked in the map of the driving route (Figure 3.2). The exhaust temperature of the Diesel
car was more constant during the experiment. In spite of fluctuations, mean values, standard
deviations, minimum and maximum values of exhaust temperatures and flow velocities are
calculated over a time period of 40 min of the whole experiments a d are given in Table
6.1. Moreover, correlation coefficients (rspeed) were calculated between time series of car
speeds and thermodynamic parameters. They are given in Table 6.1, too.
On average, exhaust temperatures were equal for both cars. The temperature difference
was for both cars about 95 K between the tailpipe (TExhaust) and the second measurement
point (TPrandtl), and about 100 K between the tailpipe (TExhaust) and the third measure-
ment point (TAerosol). The average temperature within the exhaust plume, at the position
of thermocouple TPrandtl and of thermocouple TAerosol was slightly higher for the Diesel
car than for the Petrol car, although the horizontal distance between the tailpipe and the
Table 6.1:Thermodynamic parameters.Mean values, standard deviations, minimum and maxi-
mum values, and correlation coefficients (rspeed) between car speeds and thermodynamic parameters
were calculated over a selected time period (40 min) of experiments.
Petrol
sensor mean σ Min Max rspeed
TExhaust [◦C] 124 48 50 204 0.9
TPrandtl [◦C] 28 11 9 70 0.6
TAerosol [◦C] 21 5 10 39 0.7
TV aisala1[◦C] 17 2 13 20 0.2
TV aisala2[◦C] 24 3 17 29 0.4
vflow [km h−1] 12 6 1 52 0.5
Diesel
sensor mean σ Min Max rspeed
TExhaust [◦C] 123 10 59 141 0.7
TPrandtl [◦C] 29 10 6 53 0.7
TAerosol [◦C] 22 6 6 33 0.7
TV aisala1[◦C] 13 2 8 16 0.3
TV aisala2[◦C] 26 4 15 32 0.4
vflow [km h−1] 14 6 2 45 0.5
inlet and sensor system was 7 cm longer in the Diesel car experiment. In the Diesel exper-
iment, the inlet and sensor system was however fixed closer tothe centre-line height of the
tailpipe. Hence, it was closer situated to the centre regionof the exhaust plume, where the
temperature might be higher than farther away. On the other hand, higher fluctuations of
data caused in a lower average.
Especially during the driving, the temperature gradient betwe n the just emitted exhaust
and the ambient air was higher for the Petrol car than for the Diesel car. Therefore, the di-
lution of the exhaust with ambient air might be stronger in the case of the Petrol car than of
the Diesel car. A faster cooling of the exhaust can be reachedat nearly the same horizontal
distance between the tailpipe and the inlet and sensor system. Exhaust temperatures and
temperatures within the exhaust plumes were well and positively correlated with car speeds
(see Table 6.1). Correlation coefficients ranged between 0.7 and 0.9. The exhaust tempera-
ture of the Diesel and the Petrol car did not decrease in the same degree during stops at
traffic light. Therefore, the Petrol exhaust temperature was stronger correlated with the car
speed than the Diesel exhaust temperature.
Temperature measurements of Vaisala sensors are shown in the middle graphs of Fig-
ure 6.1. Time series of the exhaust plume temperature roughly reflect the driving pattern.
The measured temperatures were just weakly correlated withthe car speed, especially at
the position of Vaisala1. A time shift was seen between the Vaisal and the thermocouple
temperature curves, more clearly so in the Petrol car experiment. The reason for this time
shift as well as the slight correlation with the car speed might be the longer response time
of Vaisala sensors (see Table 2.1) concerning the changes ofthe car speed and resulting
exhaust temperature fluctuations. Temperature fluctuations were much weaker in time se-
ries of Vaisala1 and Vaisala2 than those in the time series ofthermocouples. Temperature
curves of Vaisala1 and Vaisala2 ran nearly in parallel to each other, especially seen in the
Petrol car experiment. The longer the distance was to the tailpipe the lower was the tem-
perature within the exhaust plume because of a higher dilution rate of the exhaust with
ambient air, and the larger was the cross-section of the exhaust plume. The Vaisala1 sensor
was then fixed 2 cm closer to the centre-line height of the tailpipe and 7 cm closer to the
tailpipe. This relationship might explain why the measuredt mperature of Vaisala1 was
slightly lower in the Diesel car experiment than in the Petrol car experiment. The Vaisala2
sensor was arranged 1 cm below the tailpipe centre-line height in the Petrol case, and 1 cm
above the tailpipe centre-line height in the Diesel case (seTable 3.2). Probably therefore,
the temperature measured within the exhaust plume was slightly higher at the position of
Vaisala2 in the Diesel car experiment than in the Petrol car experiment. The exhaust plume
temperature might be higher above the centre-line height than below because of the ascend-
ing plume.
Time series of the flow velocity measurements for both cars are hown in bottom graphs
of Figure 6.1. The average flow velocities observed within the Petrol and the Diesel exhaust
plumes were around 13 km h−1. On average, the exhaust flow velocities were about 15 km
h−1 (50%) lower than the respective car speeds. The exhaust plume wasprobably only
less accelerated by the wake of the car at the position of the inlet and sensor system. The
flow velocity was slightly higher within the Diesel exhaust plume than within the Petrol
exhaust plume. Maybe caused by the longer horizontal distance between the inlet and
sensor system and the Diesel exhaust tailpipe. Flow velocity peaks were observed during
strong acceleration. Average flow velocities were half of the lowest flow velocities observed
in motorway experiments. The velocity of propagation of theexhaust plume, expressed by
the flow velocity, depended thus on the car speed and on the acceleration. The Diesel and
the Petrol car speeds, respectively, were less correlated wi h the respective flow velocity of
the exhaust plume (rspeed ≈ 0.5), maybe because of strong flow velocity fluctuations.
6.2 Carbon dioxide (CO2) and nitrogen oxide (NOx) con-
centrations
Time series of CO2 concentrations (top graphs), NO, and NO2 concentrations (bottom
graphs) are shown in Figure 6.2. Time series of car speeds areplott d as a thin grey line in
top graphs of the figure. Mean values, standard deviations, mi imum and maximum values
as well as correlation coefficients between car speeds and trce gases concentrations were


































































Figure 6.2:Time series of CO2 concentrations (top graphs) and of NOx concentrations (bottom
graphs) for the measurements with the Petrol car (left side)and the Diesel car (right side). Time
series of car speeds are plotted as thin grey lines in top graphs.
The mean CO2 concentration emitted by the Petrol car was around 0.075 vol.% (750
ppm) higher than the mean CO2 concentration emitted by the Diesel car. Usually, CO2
concentrations emitted by Petrol cars are higher than thoseby Diesel cars. This finding
is in agreement with for instance, the research of the Quality of Urban Air Review Group
(QUARG, 1993). However, the CO2 concentration fluctuations were higher within the
Diesel exhaust plume than within the Petrol exhaust plume. Th CO2 concentration within
Table 6.2:Trace gases.Mean values, standard deviations, minimum and maximum values,
and correlation coefficients (rspeed) between trace gases concentrations and car speeds.
Petrol
sensor mean σ Min Max rspeed
CO2 [vol.%] 0.5 0.1 0.2 0.6 0.6
NO [ppm] 1.1 0.8 0.2 3.4 0.1
NO2 [ppm] 0.1 0.1 0.02 0.6 0
Diesel
sensor mean σ Min Max rspeed
CO2 [vol.%] 0.4 0.1 0.1 0.6 0.7
NO [ppm] 3.3 1.5 0.5 7.1 0.6
NO2 [ppm] 4.8 1.9 0.5 7.8 0.5
the Diesel exhaust plume was about 0.05 vol.% during stops, which was close to the range
of typical ambient CO2 concentrations of 0.035-0.042 vol.% , whereas the minimum CO2
concentration of the Petrol exhaust was more than 3 times as high as typical ambient con-
centrations. Time series of CO2 concentrations and of car speeds were slightly time shifted,
which was probably caused by the long response time of the CO2 measurement device (see
Table 2.1). Nevertheless, time series of car speeds and the CO2 concentrations were fair,
positive correlated with each other, and slightly strongerin the Diesel than in the Petrol
case.
Concentrations of NO and NO2 are shown in the bottom graphs of Figure 6.2. Traf-
fic influenced NO concentrations are typical in a range of 25-40 ppb (0.025-0.04 ppm).
Typical values of traffic influenced NO2 concentrations are around 20-30 ppb (0.02-0.03
ppm) (Rabl and Scholz, 2005). The Petrol car emitted much less NO than the Diesel car.
The emitted NO concentrations within the Petrol exhaust plume were in the same range
than during the motorway experiments. The NO2 concentrations were below 0.5 ppm, and
thus, nearly below the detection limit of the emission analyser. NOx concentrations were
not correlated with the car speed, possibly because of the poorer resolution at the lower
detection limit of the measurement device.
The mean NO concentration was around 3 ppm within the Diesel exhaust plume, and
thus, slightly higher than the mean NO concentration duringthe motorway experiment
when driving with low car speed and low engine speed. The NO concentration was neg-
ligible during stops at traffic lights, and concentration peaks were observable during ac-
celeration, especially after stops. The mean NO2 concentration was around 5 ppm, which
showed the importance of Diesel cars as a main contributor tou ban NOx concentrations.
High NOx concentrations may cause ozone smog events in summer. Over periods of con-
stant driving the NO2 concentration was mostly higher than the NO concentration,which
might be due to the immediate oxidation of NO to NO2. An indication of this immediate
oxidation is that the NO2 concentration was during the entire measurement period larger
than zero in contrast to the NO concentration. However, NOx concentrations were fairly
correlated with the car speed, probably because of the relativ long response time of the
emission analyser.
6.3 Particle number concentrations and size distributions
Abbreviations and mode range definitions, introduced in Chapter 4 and 5 are also used in
this chapter. They shall be repeated here: NSD - particle number size distribution, nucle-
ation mode - 7-25 nm particles in diameter, soot/accumulation mode - 25-400 nm particles
in diameter, PNCnuc, PNCsoot and total PNC - mean particle number concentration.
Time series of Petrol and Diesel exhaust NSDs (bottom graphs), time series of PNCnuc
and of PNCsoot (middle graphs) as well as time series of car speeds and engine speeds (top
graphs) are shown in the of Figure 6.3.
Number concentrations, given as dN / dlogdp in the coloured legend, were 20 times as
low within the Petrol exhaust plume as within the Diesel exhaust plume. The car speeds
were similar for both cars, but due to engine differences, the Petrol car was driven at higher
engine speed. The number concentration within the Petrol exhaust plume showed 3-4 con-
centration peaks, which were detected at the end of a longer driving period (> 2 min) with
relatively constant car speed. Number concentration peaks, which probably occurred dur-
ing acceleration or shorter driving periods (< 2 min), could not be resolved temporally with
the SMPS system. The scan time was 2 min for up and down scans, and therefore, short
fluctuations occurring in local urban traffic could not be resolved properly. Number con-
centrations within the Petrol exhaust plume higher than 6.5×104 cm−3 were predominant
for particles below 30 nm. The Petrol exhaust plume contained slightly higher numbers
of nucleation mode than of soot/accumulation mode particles, which could be seen in time
series of the mean particle number concentration.
Number concentrations within the Diesel exhaust plume werehighest for particles in
the soot/accumulation mode, especially for 30 to 100 nm particles in diameter. Observed
number concentration peaks were on average 5×106 cm−3. The PNCsoot was on average
8 times as high as the PNCnuc. The total PNC was approximately 60 times as high within
the Diesel as within the Petrol exhaust plume. The Diesel caremitted about 15 times more
nucleation mode particles than the Petrol car, in absent of aclearly developed nucleation
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Figure 6.3:Time series of car speeds and engine speeds (top graphs), time series of PNCnuc and
of PNCsoot (middle graphs), and time series of NSDs measured within thePetrol exhaust plume
(left-side, bottom graph), and the Diesel exhaust plume (right-side, bottom graph).
mode (see below).
The median NSDs of the Petrol and the Diesel passenger car measurements are plotted
in Figure 6.4. The median as well as the 25% and 75% percetile were calculated because of
the high standard deviations of the SMPS scans. The graphs also how median NSDs mea-
sured during the experiments at the IfT measurement sites inthe Eisenbahnstraße herein
referred to as ’Eisenbahnstraße’ and at the IfT building refer d to as ’IfT’, respectively.
Two log-normal modes were fitted for all median NSDs, in contrast to the motorway ex-
periments, where the fit of log-normal modes were not reasonable.














whereN is the total number of particles,dp is the particle diameter,dg is the geometric
mean diameter andσg is the geometric standard deviation.
In most of the atmospheric aerosol size distributions as well as in exhaust particle NSDs
measured on the chassis dynamometer, different size modes wer found, resulting from
different particle formation processes.
Mode parameters are summarised in Table 6.3. Because of clarity, fitted log-normal
modes are not shown in the figure.
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Figure 6.4: Measured median number size distributions, the 25%, and the 75% percentile for
the Diesel and the Petrol passenger car, respectively and those aken at the IfT measurement sites
’Eisenbahnstraße’ and ’IfT’ in the same time periods.
Table 6.3:Mode parameters of driving experiments with the Petrol and the Diesel passenger car in
local urban traffic.
Nsoot×104 dg, soot σg, soot Nnuc×104 dg, nuc σg, nuc Ntotal×104
[cm−3] [nm] [cm−3] [nm] [cm−3]
Petrol Car 2.2 63 1.60 5.4 17 1.70 7.6
Eisenbahnstraße 1.7 60 1.85 2.8 15 1.55 4.5
IfT building 0.6 75 1.55 1.3 16 1.70 1.9
Diesel Car 350 74 1.90 80 23 1.60 430
Eisenbahnstraße 2.0 65 1.80 1.8 15 1.70 3.8
IfT building 0.8 90 1.85 0.2 18 1.50 1.0
The NSD measured within the Petrol exhaust plume showed a bimodal shape similar
to those observed at ’Eisenbahnstraße’ and at ’IfT’. It seemed that the ’IfT’ NSD was a
diluted and to larger particle diameters shifted NSD of the ’Eisenbahnstraße’. A nucleation
mode was observable in all of these three NSDs measured on 21 March 2005 when driving
with the Petrol car. The mean mode diameter of the nucleationm de was around 16 nm,
and slightly increased between ’Eisenbahnstraße’ and ’IfT’. The number concentration of
the nucleation mode measured within the Petrol exhaust plume was only twice as high as at
’Eisenbahnstraße’ and only 4 times as high as at ’IfT’. The shape of the observed NSDs at
both measurement sites were typical for traffic-influenced NSDs (Wehner et al., 2002). The
mean mode diameter of the soot/accumulation mode was 63 nm within the Petrol exhaust
plume and 60 nm at ’Eisenbahnstraße’. The NSD within the Petrol xhaust plume was
slightly higher than at ’Eisenbahnstraße’, and 3-4 times ashigh as at ’IfT’. In summary,
it can be said that the number concentrations observed within the Petrol exhaust plume
were not significantly higher than number concentrations measured at ’Eisenbahnstraße’.
Moreover, the NSD of the Petrol car observed on urban traffic was nearly identical with
that observed during the motorway experiment when driving with low car speed (90 km
h−1) and high engine speed (3400 min−1). Due to the dilution with ambient air, the ob-
served number concentration within the Petrol exhaust plume was probably affected by the
ambient number concentration, which contained emissions of other traffic such as Diesel
cars and heavy-duty vehicles. Because of the high traffic density and the accumulation of
exhaust gases in street canyons, this effect might be much more significant in the urban
traffic than at the A38-motorway. The measured NSD was therefore probably not the pure
emitted NSD of this Petrol car.
It looked different for the Diesel car. NSDs measured withine Diesel exhaust plume,
at ’Eisenbahnstraße’, and at ’IfT’ on 31 March 2005 are shownn the right side of Figure
6.4. The NSD measured within the Diesel exhaust plume did notsh w a separat nucleation
mode. However, a defined nucleation mode was also not observed in NSDs measured at
both measurement sites. Mean mode diameters of the nucleation mode were fitted to 15
and 18 nm, respectively. The NSD measured behind the Diesel car showed a pronounced
soot/accumulation mode with the mean mode diameter at about75 nm. The PNCsoot was
100 times as high as the PNCsoot at ’Eisenbahnstraße’, which had a mean mode diameter at
65 nm. The mean mode diameter of the soot/accumulation mode fitted for the ’IfT’-NSD
was about 90 nm. At the ’IfT’, the PNCsoot was 4 times as high as the PNCnuc.
The results suggest that NSDs of particles measured in street canyons cannot attributed to
the direct emission of Diesel passenger cars alone. The emissions of heavy-duty vehicles,
Petrol cars, and cars fulfilling older emission standards should also taken into account.
Moreover, the emitted exhaust undergoes complex transformation processes, which may
occur in a longer distance to the tailpipe than in the measured one. However, the mean
particle number concentration in the size range of 7-100 nm in diameter was more than 60
times as high within the Diesel exhaust plume as within the Petrol xhaust plume. That
point out the importance of Diesel passenger cars as a main source f particles, which are
especially related to adverse health effects in the urban environment.
Chapter 7
Particle number emission factors
7.1 Diesel car
The knowledge of particle emission factors of individual cars is essential to set legislative
particle emission limits, and thus, to reduce traffic-relatd particle emissions. Published
particle emission factors are mainly mass related, e.g., inthe ’Handbook Emission Factors
for Road Transport’ (Keller et al., 2004). During the last few years, different studies have
been performed to estimate emission factors for the particle number. Emission factors were
mostly determined in two different ways: At first, measurements on a chassis dynamome-
ter. The advantage of this method is that the direct emissionof an individual car under
controlled conditions can be studied. However, the resultsmay not be representative for
vehicles on a road (Morawska et al., 2005). The second methodis the indirect measurement
of the emissions of the whole vehicle fleet on the roadside undr realistic conditions. How-
ever, it is not possible to control the traffic conditions, and this method requires numerical
models to calculate emission factors from the measured particle number concentrations.
The published emission factors show a large span. They lie within the intervals between
about 1012 and about 1014 particles vehicle−1 kilometre−1 (veh−1km−1) for Petrol and light-
duty (Diesel) vehicles (LDV), and about 1014 to about 1015 veh−1km−1 for heavy-duty
(Diesel) vehicles (HDV). One way to obtain emission factorsf individual vehicles are
laboratory studies. Different dilution techniques of the raw exhaust resulted in a wide
range of emission factors. They differ by up to about 3 ordersof magnitude (Graskow et al.,
1998).
Kirchstetter et al. (1999), Abu-Allaban et al. (2002), Gidhagen et al. (2003), and
Kristenson et al. (2004) calculated emission factors from urban/interstate highway tunnels.
Studies of Jamriska and Morawska (2001), Gramotnev et al. (2003), Johnson et al. (2005),
and Morawska et al. (2005) were performed on suburban/urbanhighways. Ketzel et al.
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(2003), Gidhagen et al. (2004), Mårtensson et al. (2006), and Rose et al. (2006) estimated
emission factors from street canyon measurements, and thus, under urban driving con-
ditions. Methods to calculate emission factors are different. Few examples are shortly
described here:
Morawska et al. (2005) used a box model. The input parametersw e the time series of
particle number concentrations on the road and background,the wind velocity and direc-
tion, and the traffic data such as vehicle number, traffic volume, car speciation, etc.
Mårtensson et al. (2006) calculated the vertical aerosol flux with the eddy covariance tech-
nique and the traffic activity. They plotted the average aerosol fluxes as a function of the
traffic activity. The slope of a linear fit of data was identified as the emission factor of the
mixed vehicle fleet.
Ketzel et al. (2003) and Rose et al. (2006) used the Operational Street Pollution Model
(OSPM) developed by Berkowicz et al. (1997). This model establishes a relationship be-
tween the roadside measurements and the meteorological situ tion as well as the traffic
conditions and calculates the emission strength in a street. Among other things, detailed
information about the traffic volume was necessary to calculte the emission factors.
All of these model calculations needed a variety of input parameters, which have to be
measured accurately.
Vogt et al. (2003) and Kittelson et al. (2004) estimated their emission factors by chasing
(individual) vehicles on a high-speed oval track and on a public highway, respectively. The
distances between the tracked vehicle and the mobile laboratory (ML) were approximately
14 m and 10 m, respectively. The simultaneous measurement ofthe ambient background
NSD was thereby an important issue for determination of emission factors. E.g., in the
study of Vogt et al. (2003) car speeds could not be higher than120 km h−1 because of
safety reasons and in order to keep a nearly constant distance between the ML and the test
car. However, the distance variation was approximately 1 m.It may not excluded that
within this distance of 10-14 m exhaust particle transformation processes took place such
as coagulation of soot particles.
No studies under real-atmospheric dilution and on-road conditi s can be found in
the literature so far, which calculated emission factors ofparticle number directly from
measurements within the freshly emitted exhaust plume behind t e tailpipe. In the current
study, the driving parameters as car speed and engine speed wer nearly arbitrary in contrast
to chasing experiments. In the current study, the distance between the emission source, the
exhaust tailpipe, and the position of nuisance, the inlet and sensor system, was kept constant
and relatively short (< 1 m). Calculated as well as estimated emission factors were cl arly
associated with driving parameters.
Ambient conditions like temperature and relative humiditywere found to have a
strong effect on the concentration of nucleation mode particles (Kittelson et al., 2000).
Gidhagen et al. (2004) reported that total PNCs were 80% higher for the cold temperatures
(T < 0 ◦C), as compared to the warm temperatures (T> 15 ◦C), which has to be taken into
account by calculation of emission factors of the total particle number. On the other hand,
emission factors depend on the car speed. Particle emissions increase with car speed be-
cause of higher engine load, exhaust temperature and exhaust flow (Kittelson et al., 2004).
Estimated emission factors from various studies are summarised in Table 7.1. Variations
in emission factors for mixed fleet could be explained by different fractions of heavy-duty
and light-duty vehicles during the different studies.





























PNC are mean particle number concentrations andDR are dilution ratios, which were
given in Table 7.2. The volume flowdV
dt











is the mass air flow of the exhaust in g s−1, Texh is the exhaust air temperature in
K, R∗ is the ideal gas constant (R∗ = 8.314 J mol−1 K−1), p is the normal atmospheric pres-
sure (p = 101310 Pa) andM is the molar mass of the exhaust gas (M ≈ 29.9 g mol−1). The
mass flow depends on the car speed and the engine speed. These data were received from
the car using the OBD II connection (see Chapter 2.4). The mass flow was about 40 g s−1
when driving with lower car speed and lower engine speed and 90-120 g s−1 when driving
with high car speed and/or high engine speed. Emission factors determined in the current
study are summarised in Table 7.2 and are also shown in Figure7.1. They are related to
HDb (90 cm horizontal distance between the tailpipe and the inlet and sensor system). In
HDb, the exhaust plume was more uniformly distributed and the formation of nucleation
mode particles was not observed there. Emission factors were separately estimated for pri-
mary emitted particles, mainly soot, and secondary formed nucleation particles, because of
the sensitivity of the nucleation mode on the driving conditions. Averages of exhaust tem-
peratures, measured with thermocouple TExhaust, and mean total PNCs, which were used
for estimations, are given in Appendix A.1.
The measured CO2 concentrations (see Chapter 4.2) were used to calculate dilution ra-
tios with a CFD aerosol model (Uhrner et al., 2006). Unfortunately, dilution ratios were
not calculated for all driving conditions, so that some of them were roughly estimated.
Table 7.1:Assigned and/or fleet emission factors average particle vehicle−1km−1 (according to































Gidhagen et al. (2003) DMPS >10-900 5 Urban
traffic
1.11-5.91 58.80
DMPS >3 tunnel1 1.74-
10.10
73.30






Gramotnev et al. (2003) SMPS 15-700 14 Highway1 2.79±0.25
Jamriska and Morawska
(2001)
SMPS 17-890 4 Highway1 1.75±1.18
Johnson et al. (2005) CPC > 3 On-road
about 100
6.20±1.40 42.00±0.06
SMPS 8-300 0.34±0.05 6.60±1.00





CNC > 10 (59-89)
±10
0.41 24.90




SMPS > 8 0.87-
2.242





CPC > 11 2-8 Urban
traffic1
1.40±0.10 0.30±0.30 19.80±4.00




Rose et al. (2006) DMPS 3-8003 2-5 about 35 1.50±0.40 0.58±0.20 25.00±9.00
DMPS 3-8004 4.90±1.20
Vogt et al. (2003) SMPS 7-316 Chasing6
50-120
1.08±0.12




1note specified;2performed during different time periods;3soot particles (30, 50, 80, and 150 nm);4total
particle number;5a Diesel cars,5b Petrol cars6Diesel car, 40 ppm fuel sulphur content
Table 7.2: Particle number emission factors (EF) estimated for the Diesel car. The calculated
dilution ratios (DRc) and estimated dilution ratio ranges (DRe) are also given.
EFtotal(7-390 nm) EFnuc(7-25 nm) EFsoot(25-390 nm)
×1014 [veh−1 km−1]
105 km h−1; 2300 min−1
(DRc = 36±2)
1.1±0.06 0.1±0.02 1.0±0.05








120 km h−1; 2600 min−1
(DRc = 35±2)
1.7 0.2 1.5








149 km h−1; 4000 min−1
(DRc = 15±1)
8.0±2.2 6.3±2.3 1.7±0.2
Modelled dilution ratios as well as estimated dilution ratio ranges are also given in Table
7.2. The dilution ratio was approximately twice as high whendriving with low car speed
and low engine speed as when driving with high car speed and high engine speed. Dilu-
tion ratios were estimated depending on driving parametersand the exhaust flow velocity.
E.g., the flow velocity was higher when driving with low car speed and high engine speed
(section 4) than when driving with low car speed and low engine speed (section 3). There-
fore, a lower dilution ratio was estimated for section 4 thanthe calculated one for section
3. Moreover, the dilution ratio was estimated to be higher insection 1 (high car speed, low
engine speed) than in section 2 (high car speed, high engine speed). The residence time
of the exhaust plume between the tailpipe and the inlet system was somewhat longer, and
thus, the time to dilute with the ambient air, because of the lower exhaust flow velocity in
section 1 than in section 2.
Emission factors calculated or estimated in the current study agreed fairly well with
those of other studies. In contrast to most of these studies,emission factors were sep-
arately estimated for soot/accumulation mode particles and nucleation mode particles.
The results show that such a differentiation is reasonable.A correlation between the
car speed and the engine speed, and the emission factor was obvious. Emission fac-
tors of soot/accumulation mode particles lay for most of thedriving sections between
(1.0±0.05)×1014 and (1.7±0.4)×1014 veh−1 km−1, and therefore, they were around
twice as high when driving with high car speed and high enginesp ed as when driv-
ing with low car speed and low engine speed. Nevertheless, the soot particle emission
factors cover only a small range. The standard deviation wasapproximately one order
























































 nucleation mode (7-25 nm)
 soot/accumulation mode (25-400 nm)
 total (7-400 nm)
Figure 7.1:Emission factors calculated for different car speeds and engin speeds.
soot/accumulation mode were similar for all experiments. The estimated emission factor
in the soot/accumulation mode for the driving with low car speed and high engine speed
was relatively higher than for the other driving conditions. The estimated emission factor
in the was approximately (4.1±0.8)×1014 veh−1 km−1, dependent on the chosen dilution
ratio. This result show that such a less economical driving caused in a high number of
emitted soot/accumulation mode particles, probably due tothe uncompleted Diesel fuel
combustion.
Emission factors for nucleation mode particles in the nucleation mode ranged from
(0.1±0.02)×1014 to (6.3±2.3)×1014 veh−1 km−1. Here, the emission factor was about 60
times higher when driving with high car speed and high enginespeed than when driving
with low car speed and low engine speed. The standard deviation was high for high car
speed conditions because of the sensitivity of the emissionand formation of nucleation
mode particles.
The total emission factor for the Diesel car, investigated in this study, ranged from
(1.1±0.06)×1014 veh−1 km−1 for low car speed and low engine speed to (8.0±2.2)×1014
veh−1 km−1 for high car speed and high engine speed. The first value is in very good
agreement with the calculated emission factors of Vogt et al. (2003), presenting results from
chasing a Diesel car with 40 ppm Diesel fuel sulphur content on a high-speed oval track of
4 km length per lap with a car speed of maximal 120 km h−1.
At the end of this section, it should be reemphasised that thevalue of total emission
factors was mainly determined by the value of PNCs in the nucleation mode. Therefore,
it was reasonable to estimate emission factors separately for nucleation mode particles
and soot/accumulation mode particles. The average particle number emission factor in the
soot/accumulation mode was (1.4±0.4)×1014 veh−1 km−1. The emission factor estimated
for section 4 was excluded in this averaging because it was anexception compared to
other sections. In the nucleation mode was the average particle number emission factor
(1.75±2.3)×1014 veh−1 km−1. The standard deviation was higher than the average, which
shows that emission factors for different car speeds and engin speeds covered a wide
range. These differences have to taken into account in orderto stimate particle number
emission factors, which mostly has not been done so far.
7.2 Petrol car
Particle number emission factors of the Petrol car were alsoestimated. Model calculations
of exhaust dilution ratios were not available for the Petrolcar; therefore, they were roughly
estimated. Emission factors of the Petrol car are summarised in Table 7.3. The mean mass
air flow was about 20 g s−1 when driving with low car speed and low engine speed and
about 50 g s−1 when driving with high car speed and high engine speed. Estimations were
related to HDb (86 cm horizontal distance to the tailpipe).
Table 7.3:Particle number emission factors (EF) estimated for the Petrol car. The estimation of
the range of dilution ratios is given too.
EFtotal(7-390 nm) EFnuc(7-25 nm) EFsoot(25-390 nm)
×1012 [veh−1 km−1]
90 km h−1; 2700 min−1
(DR = 35-50)
1.5-2.1 1.0-1.5 0.5-0.7
150 km h−1; 4400 min−1
(DR = 15-30)
4.9-9.8 2.5-5.1 2.3-4.7
The chosen dilution ratios were oriented on the calculated dilution ratios for the Diesel
car experiment. Because of the lower flow velocity and the higher exhaust temperature
a stronger dilution with ambient air was assumed within the Petrol exhaust plume than
within the Diesel exhaust plume. Therefore, emission factors were also estimated for higher
dilution ratios. The dilution ratio is an important factor for the estimation of the emission
factor (Equ. 7.1). Emission factors of Petrol cars were rarely mentioned in the literature.
Graskow et al. (1998) estimated emission factors of Petrol engines of (0.3-1.0)×1012 veh−1
km−1 at 120 km h−1 equivalent cruising conditions on a chassis dynamometer. The highest
estimated emission factor of the Petrol car in this study wasone order of magnitude lower
than the lowest calculated emission factor in the Diesel carexperiment. However, the
Petrol car emissions become more important when driving with high car speed as usual on
German motor-ways.
Moreover, the emission factors of nucleation mode particles w re higher than those of
soot/accumulation mode particles. This finding was in contrast to those for the Diesel car
and shows the importance of Petrol cars as a source of nucleation mode particles.
7.3 Local urban traffic
In addition to the motor-way, mean particle number emissionfactors were estimated for
the local urban traffic. Dilution ratios were roughly estimated because of missing model
calculations. Estimated emission factors for the Diesel and the Petrol car are summarised
in Table 7.4. The mean air mass flow was about 19 g s−1 for the Diesel car and about 8 g
s−1 for the Petrol car. The emission factors were calculated following equation 7.1.
Table 7.4:Particle number emission factors (EF) estimated for the Petrol car and the Diesel car
under urban traffic driving conditions. The estimation of the range of dilution ratios is given too.









The estimated emission factor of the Diesel car was two orders of magnitudes higher
than the emission factor of the Petrol car. Nevertheless, the estimated emission factors of
the Diesel car agreed fairly well with other studies, which estimated their emission factors
near urban traffic (see Table 7.1). Comparative data of Petrol ca s for urban traffic could
not be found in the literature. These results emphasise again the importance of light-duty
and heavy-duty vehicles with Diesel engines as the main emission source of nucleation
mode particles.
As a conclusion of this chapter, percentage weighted emission factors for the Diesel
and the Petrol car shall be estimated. In Germany is the proporti n of Petrol passenger
cars around 80% and that of Diesel passenger cars is around 20%. Estimated emission
factors on the public motor-way were thus approximately 0.3×1014 veh−1 km−1 for the
soot/accumulation mode particles and approximately 0.7×1014 veh−1 km−1 for the entire
size range of particles. Emission factors were separately estimated for soot/accumulation
mode particles because of the sensitivity of the nucleationm de on the driving param-
eters and the high variability of the mean number concentrations of nucleation mode
particles. For the local urban traffic estimated emission factors were about 0.4×1014 for
the soot/accumulation mode particles and 0.5×1014 veh−1 km−1 for the total number
of particles, respectively. Even though these were rough estimations, emission factors
are in fairly well agreement with those estimated by, e.g., Mårtensson et al. (2006) and
Johnson et al. (2005). On the other hand, Rose et al. (2006) estimated an emission factor of
0.6×1014 veh−1 km−1, which was slightly higher than those estimated in the current study.
It could be explained by the higher fraction of older Diesel and Petrol cars from which the
emission factor was estimated in their study. They emitted probably more soot particles
than cars fulfilling newer emission standards like the cars investigated in the current study.
Data received in the current study are useful to estimate emission factors of an individual
passenger car under real atmospheric dilution and on-road cn itions. Moreover, the
good agreement between direct measured emission factors and those indirectly estimated
from models shows that models give also reasonable results,although they used various
assumptions. Models are an important tool to estimate particle number emission factors
for the whole mixed fleet.
Chapter 8
Summary and Outlook
Experiments and results presented in this work were obtained during several experiments
performed on a public motorway (German Autobahn A38) with low traffic density and in
local urban traffic in the City of Leipzig. Particle number size distributions, trace gases,
and thermodynamic parameters were measured within the firstmeter behind the tailpipe
of two test cars. A flexible measurement system was developedto study exhaust trans-
formation processes under real-atmospheric dilution and on-road driving conditions. The
advantage of this method compared to chassis dynamometer, chasing experiments, and
roadside measurements is that primary emitted particles (mainly soot) as well as secondary
nucleation mode particles could be measured directly afterthe emission and during dilu-
tion with ambient air. In addition, the nucleation process was likely in progress during
few measurements. Investigations were performed with a Diesel passenger car as well as
with a Petrol passenger car. The measurement devices were plac d within the car boot and
connected with the inlet and sensor system, which was fixed inhorizontal distances to the
exhaust tailpipe of approximately 40 cm and 90 cm, respectivly. This chapter summarises
the results of motorway experiments received in a horizontal distance to the tailpipe of 90
cm for the Diesel car and of 85 cm for the Petrol car, respectivly. In most experiments,
values of each parameter were higher closer to the tailpipe.Results of urban traffic exper-
iments were received closer to the tailpipe (horizontal distance to the tailpipe of 43 cm for
the Diesel car and 36 cm for the Petrol car, respectively).
Diesel car measurements
The total particle number concentration (PNC) measured within the exhaust plume ranged
between 106 cm−3 when driving with low cars speed (105 km h−1) and low engine speed
(2300 min−1) and 107 cm−3 when driving with high car speed (150 km h−1) and high en-
gine speed (4000 min−1). The mean particle number concentration of primarily emitted
particles (soot/accumulation mode particles) was relatively constant (2×106 cm−3) in the
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size range of 25-400 nm particles in diameter, independent of the car speed and the engine
speed. The mean particle number concentration of secondarily formed nucleation mode
particles (7-25 nm) was significantly dependent on the driving parameters. It ranged from
2×105 cm−3 when driving with low car speed and low engine speed up to 8×106 cm−3
when driving with high car speed and high engine speed.
Particle number size distributions (NSD) were measured using a Scanning Mobility Par-
ticle Sizer in the size range of 7-400 nm in particle diameter. A bimodal shape of the NSD
was only observable when driving with high car speed and highengine speed. In this case,
the estimated mean mode diameter of the nucleation mode was about 12 nm in diameter and
the estimated mean mode diameter of the soot/accumulation mode was about 40 nm. NSDs
were unimodal with a mean diameter of approximately 40 nm when driving with high en-
gine speed and of approximately 60 nm when driving with low engine speed. A unimodal
NSD is typical for a light-duty (Diesel) vehicle running on low sulphur fuel (e.g., Vogt et al.
(2003)). The shape of the NSDs and the position of the mean soot/accumulation mode
diameter is in agreement with the findings of, e.g., Giechaskiel et al. (2005), Vogt et al.
(2003), and Maricq et al. (2002).
The exhaust temperature measured directly behind the tailpipe, ranged from about 185
◦C when driving with low car speed and low engine speed up to about 295◦C when driving
with high car speed and high engine speed. The temperature dec as within the first meter
behind the tailpipe within the exhaust plume was approximately 165 K when driving with
low car speed and low engine speed and approximately 240 K when driving with high car
speed and high engine speed. The different exhaust plume temperature decreases were
caused by a different intensity of dilution with the ambientair.
The carbon dioxide (CO2) concentration within the diluted exhaust plume was around
0.2 vol.% when driving with low car speed and low engine speed and around 0.7 vol.%
when driving with high car speed and high engine speed due to the higher fuel consump-
tion. This result shows how strongly the emitted CO2 concentration depends on the driving
style. These results are particularly relevant with respect to the global warming due to the
increasing global CO2 concentration.
The results for the nitrogen oxide (NOx) concentrations show also a significant relation-
ship between the fuel consumption and the NOx concentrations. They were around 3 ppm
when driving with low car speed and low engine speed and around 80 ppm when driving
with high car speed and high engine speed.
Petrol car measurements
The total PNC measured within the exhaust plume of the Petrolcar ranged between 104
cm−3 when driving with low car speed (90 km h−1) and low engine speed (2700 min−1)
and 105 cm−3 when driving with high car speed (150 km h−1) and high engine speed (4400
min−1). The mean particle number concentration of primarily emitted particles (25-400
nm) was not constant in contrast to the Diesel car experiments. It was between 1×104 cm−3
when driving with low car speed and 7×104 cm−3 when driving with high car speed. The
mean particle number concentration of secondarily formed nucleation mode particles (7-25
nm) was significantly dependent on the driving parameters too. I ranged from 3×104 cm−3
when driving with low car speed and higher engine speed up to 8×104 cm−3 when driving
with high car speed and high engine speed. In contrast to the Diesel car, mean particle num-
ber concentrations in the nucleation mode were higher than tose in the soot/accumulation
mode.
Neither a clearly bimodal nor unimodal shape of the NSDs wereobservable. The NSDs
seemed to be influenced by the ambient NSD because of the similar number concentrations
reflected by a direct comparison of both NSDs shown (see Chapter 5.3). Exhaust particle
number concentration peaks were seen in the size range between 10 and 20 nm particles in
diameter.
The exhaust temperatures measured directly behind the tailpipe were higher than those
measured behind the Diesel car tailpipe. They ranged from about 230◦C when driving with
low car speed and low engine speed up to 420◦C when driving with high car speed and high
engine speed. Within the first meter behind the tailpipe appered a strong cooling of the
exhaust due to the turbulent dilution with ambient air. The high exhaust temperature and
the strong temperature decrease within the exhaust plume ofapproximately 220 K and 400
K, respectively, might enhance the formation of nucleationmode particles. Mathis et al.
(2004b) reported that a reduction of the primary dilution temp rature supports the forma-
tion of nucleation mode particles by nucleation.
The concentration of CO2 within the strongly diluted exhaust plume was around 0.2
vol.% when driving with low car speed and 0.4 vol.% when driving with high car speed.
Thus, the measured CO2 concentrations were in the range of those measured within the
Diesel exhaust plume. Because of the assumed higher dilution behind the Petrol car, the
emitted CO2 concentrations might be higher. The detected NOx concentrations were on
average below 1 ppm, and therefore negligible in comparisonto the Diesel car. The con-
trolled catalytic converter removed Nitrogen oxide nearlycompletely.
Local urban traffic measurements
The total PNC within the Petrol exhaust plume was approximately 6×104 cm−3. 46%
of the particles were observed in the soot/accumulation mode and 54% in the nucleation
mode. The total PNC within the Diesel exhaust plume was approximately 4×106 cm−3. In
the soot/accumulation mode were to be found 90% of particles and in the nucleation mode
10% of particles. In spite of the much lower car speeds and enginespe ds, observed total
PNCs in local urban traffic were similar to those observed on the motorway when driving
with low car speed and low engine speed. This is probably due to higher particle emissions
during accelerations at traffic lights. It was found that theemitted particle number concen-
trations are much higher during the first 5 km drive when the engine is cold (Kittelson et al.,
2003). Kyriakis and André (1998) reported that 50% of the rides in Europe are shorter than
3 km, which is close to the warm up distance of the three-way catalyst (Laurikko, 1998). A
bimodal shape of the NSD within the Petrol exhaust was observable. This NSD looked sim-
ilar to that measured at the IfT measurement site in the street canyon. The NSD measured
within the Diesel exhaust plume was unimodal, whereas the stre t canyon NSD showed a
more bimodal shape.
The exhaust temperatures were on average 120◦C and similar for both cars, but the
fluctuations of the Petrol exhaust temperature were much stronger than those of the Diesel
exhaust temperature. Thus, a faster dilution with ambient air behind the Petrol car seems
likely. The mean CO2 concentration was 0.5 vol.% within the Petrol exhaust plume and
0.4 vol.% within the Diesel exhaust plume. It is not reasonable to compare these results
with those received on the motorway, because of different distances of the inlet tube to the
tailpipe and probably different dilution ratios.
Particle number emission factors
One of the most important results of this work is the possibility to estimate particle number
emission factors for an individual Diesel car and an individual Petrol car. The measured
CO2 concentrations within the Diesel exhaust plume were used tocalculate exhaust dilution
ratios with a CFD aerosol model. Dilution ratios were calculated for selected car speeds
and selected engine speeds. Model calculations were not available for all driven car speeds
and engine speeds for the Diesel car, for the Petrol car, and for both cars driving in local
urban traffic. Dilutions ratios were thus estimated. Dilution ratios within the first meter
behind the tailpipe ranged from about 15 to 50 depending on the car speed and the engine
speed. They were used to estimate particle number emission factors of the Diesel car and
of the Petrol car driven on a public motorway and in local urban tr ffic, respectively.
Particle number emission factors of the Diesel car driven onthe public motorway
ranged between 1 and 7×1014 veh−1 km−1, which was dependent on the car speed and the
engine speed, and thus, the occurrence of high number concentratio s of nucleation mode
particles. Emission factors of particle numbers observed within the Petrol exhaust on the
motorway were two orders of magnitude lower, and ranged betwe n 2 and 7×1012 veh−1
km−1. They where higher for higher car speeds and higher engine spe d . In local urban
traffic estimated emission factors were around 2×1014 veh−1 km−1 for the Diesel car and
around 2×1012 veh−1 km−1 for the Petrol car. The German passenger car fleet consists
of around 80% Petrol cars and 20% Diesel cars. Hence, an average emission factor of
0.5-0.7×1014 veh−1 km−1 was estimated for this car fleet composition, depending on the
car speed as well as the engine speed.
Conclusion and Outlook
In the frame of this project a completely new measurement system was developed, which
allows measurements of, e.g., the particle number size distribution within the first meter
of the freshly emitted and diluted exhaust plume under real-atmospheric and on-road
conditions. Thereby, car speeds and engine speeds were chosn almost freely, which is an
advantage compared to car chasing experiments (see Chapter7). Moreover, the position
of inlet and sensor system relatively to the tailpipe can be fixed variable and kept constant
within 1 m horizontal distance to the tailpipe.
In contrast to the chasing experiments of, e.g., Giechaskiel et al. (2005) or Vogt et al.
(2003), a nucleation mode was observed when driving with sulphur-free Diesel fuel (6
ppm). However, nucleation mode particles were observed within the Diesel exhaust plume
only under extreme driving conditions as high car speed (∼ 150 km h−1) and/or high engine
speed (∼ 4000 min−1). During measurements with the Diesel car in local urban traffic, no
nucleation mode was found. A number concentration peak was observed in the NSD for
particles smaller than 20 nm in diameter within the Petrol car exhaust plume, but total PNCs
were approximately two orders of magnitude lower than thoseobserved within the Diesel
exhaust plume. Thus, the question where nucleation mode particles smaller than 20 nm are
formed could not be completely answered with the aid of theseinv stigations. Different
explanations for that result are possible. For example, it might be that nucleation mode
particles in higher concentrations are formed at a longer distance from the tailpipe, or that
the sulphur content of the Diesel fuel is too low to stimulateth formation of nucleation
mode particles under typical driving conditions. The second theory is supported by aerosol
dynamics simulations implemented by Uhrner et al. (2006).
The newly developed measurement system has a wide range of potential applications.
For example, the measurement system can be used to investigat the emissions of cars,
which fulfil older emission standards or of Diesel passengercars with a Diesel particle
filter (DPF). DPFs reduce the emission of soot particles. Themain question is: Does
the reduction of soot particles result in a higher number of secondarily formed particles?
Moreover, the variety and quantity of received data were used to validate and to implement
aerosol dynamics simulations and can be used, e.g., to calculate emission factors more
precisely. The data could be also interesting for environmental agencies, which define
emission limit values. To date there are mostly a little information about the realistic car
emissions under on-road conditions (Scholz, 2006).
A longer distance to the tailpipe as those which was chosen isnot possible, because
of stability reasons of the mounting construction and the bicycle rack. But measurements
closer to the tailpipe are desirable in further experiments. Then, more information about
the process of the secondarily formed particles may be able to obtain. For this purpose,
an exhaust dilution system would be necessary, because of thhig particle number con-
centrations which one can expect. Furthermore, parallel tothe SMPS system a CPC can
measures the total number concentrations. The CPC has a higher t me resolution than a
SMPS system so that number concentration peaks as the likelyoccur during acceleration
can be time resolves.
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Appendix A
Mean values of the measurement
parameters





xi; i = 1, ..., n (A.1)
x is the time series of data andis the sample size.










A.1 Diesel passenger car
Car speed [km h−1]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 148±2 148±1 145±2 146±11 149±4
1b 148±2 145±10 147±2 148±2 149±5
2a 149±2 146±8 145±4 152±2 152±2
2b 148±3 147±1 150±1 147±2 150±2
3a 120±2 103±1 101±2 104±2 103±2
3b 118±3 102±1 102±3 106±1 103±3
4a 105±2 103±1 101±1 102±2 104±2
4b 105±1 102±1 102±1 104±5 102±2
98
Engine speed [min−1]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 3241±38 3239±44 3183±50 3208±236 3265±77
1b 3241±53 3191±307 3225±39 3235±43 3261±105
2a 4019±56 3947±222 3910±102 4102±58 4106±54
2b 3992±71 3966±31 4064±31 3985±45 4071±53
3a 2619±38 2262±23 2212±32 2287±45 2269±48
3b 2595±54 2237±26 2221±60 2317±28 2257±59
4a 4018±90 3932±35 3857±29 3876±67 3972±92
4b 3996±41 3891±33 3879±40 3979±175 3891±93
Carbon dioxide (CO2) [ppm]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 11403±860 13502±1137 13862±1233 8739±1129 11226±958
1b 4086±229 4134±466 4530±265 5227±485 4840±723
2a 10566±324 12951±602 13465±638 11339±649 12301±488
2b 5525±362 6020±361 5794±555 6944±411 7070±405
3a 9620±897 8540±978 9178±1108 5494±1503 6682±1239
3b 2455±250 2392±715 2333±842 1788±240 2006±171
4a 7782±431 9667±445 9960±488 7304±704 8709±524
4b 4807±389 5283±311 5202±377 5270±403 5992±400
Nitric oxide (NO) [ppm]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 44±7 56±21 55±23 53±15 59±15
1b 15±5 15±5 23±4 22±8 25±7
2a 89±6 104±11 106±16 98±18 97±10
2b 41±6 42±7 40±12 51±7 52±7
3a 8±5 6±3 6 ±1 4±3 3±1
3b 1±0 3±5 3±4 1±2 1±0
4a 36±5 47±6 49±12 31±5 35±6
4b 22±4 24±3 25±3 23±3 24±4
Nitrogen dioxide (NO2) [ppm]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 32±3 34.8±5 35±7 27±6 34±4
1b 13±4 11.4±3 20±2 16±3 18±3
2a 35±1 42.3±5 50±6 37±2 37±3
2b 20±2 24.3±1 23±5 26±1 24±2
3a 14±3 11.5±2 12±2 8±3 9±1
3b 3±0 2.9±1 4±3 2±1 2±0
4a 28±2 31.5±3 30±5 24±3 28±3
4b 17±2 15.7±2 18±2 19±3 19±2
Exhaust temperature: TExhaust [◦C]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 256±9 244±8 241±8 273±14 262±11
1b 254±8 250±8 238±8 268±10 254±9
2a 305±8 267±11 260±10 308±13 295±11
2b 290±13 253±7 266±6 288±5 292±9
3a 205±8 177±5 174±5 193±8 188±6
3b 200±6 173±4 171±5 185±6
4a 231±8 200±5 200±6 211±6 217±8
4b 225±7 194±5 198±5 209±9
The thermocouple was fixed on the tailpipe with a special heatresistant tape,
but loosed from the tailpipe during the experiment carried out at 08/04/2005.
Exhaust temperature: TPrandtl [◦C]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 56±3 53±3 55±4 86±9 96±6
1b 29±4 23±5 26±3 40±5 40±4
2a 60±5 56±3 59±3 92±4 107±4
2b 44±3 37±2 40±2 55±3 57±2
3a 47±3 29±4 31±4 45±6 48±5
3b 19±1 7±1 8±1 22±1 21±1
4a 50±6 42±2 46±3 66±6 83±4
4b 41±2 32±2 35±2 46±4 49±2
Exhaust temperature: TAerosol [◦C]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 62±2 60±3 61±5 55±9 66±6
1b 25±3 18±4 23±3 35±4 36±4
2a 69±2 69±4 70±3 72±3 78±3
2b 37±2 30±2 35±2 49±3 51±2
3a 44±4 26±4 28±5 33±5 37±4
3b 17±1 6±1 7±1 21±1 21±1
4a 56±3 52±2 55±2 51±5 62±3
4b 36±2 28±2 31±2 42±3 46±2
Exhaust temperature: TV aisala1 [◦C]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 19±1 5 ±0 8 ±1 23±1 24±0
1b 18±1 11±1 16±1 22±1 29±1
2a 18±1 5 ±0 8 ±0 22±1 24±1
2b 25±3 15±1 20±2 26±2 30±1
3a 21±1 6 ±0 8 ±2 25±1 26±1
3b 14±1 3 ±1 5 ±1 19±1 19±1
4a 18±1 4 ±0 6±1 22±1 24±1
4b 23±2 10±1 18±2 22±1 25±1
The position of the two Vaisala sensors were changed within the exhaust plume
between experiment III and IV.
Exhaust temperature: TV aisala2 [◦C]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 38±2 23±1 23±3 68±5 70±2
1b 26±2 16±2 19±1 31±2 34±1
2a 38±1 23±1 25±1 67±4 75±5
2b 37±3 27±1 28±3 38±6 46±1
3a 36±2 15±1 16±3 40±3 40±2
3b 18±1 5±2 6±1 20±2 20±1
4a 33±3 16±1 19±1 50±2 59±3
4b 36±1 23±1 26±2 36±3 40±2
Flow velocity [km h−1]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 22±5 75±17 80±12
1b 62±7 56±10 74±7
2a 29±9 65±10 88±6
2b 77±6 68±10 78±5
3a 14±4 28±6 26±5
3b 37±7 42±8 41±7
4a 23±10 42±13 66±8
4b 56±7 48±12 52±7
The differential pressure sensor was out of order during the2nd and the 3rd
experiment.
Absolute humidity [g m−3]









The absolute humidity of the exhaust was to high for the hygrometer measure-
ments because of ageing occurrence of the Lyman-α lamp during experiment
III and IV. The hygrometer was out of order in the last experimnt.
Relative humidity: rH V aisala1 [%]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 37±2 62±2 69±6 28±2 35±1
1b 41±4 54±6 44±2 33±3 28±2
2a 37±1 60±1 58±2 29±1 34±1
2b 31±5 43±3 37±7 26±4 26±2
3a 34±1 68±2 70±2 28±2 33±1
3b 49±3 74±6 72±4 37±3 46±3
4a 37±3 64±1 64±2 29±2 35±1
4b 32±3 51±3 40±5 30±3 34±3
Relative humidity: rH V aisala2 [%]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 18±3 34±5 48±18 6 ±2 6 ±1
1b 28±4 44±9 38±4 23±4 22±2
2a 16±1 30±3 29±3 5 ±2 5 ±2
2b 17±3 25±3 26±11 16±6 12±1
3a 22±2 56±6 62±8 17±3 20±3
3b 40±4 67±8 68±5 35±4 43±3
4a 20±2 39±2 39±4 9 ±1 8 ±2
4b 18±1 30±2 28±6 16±4 16±2
Particle number concentration : nucleation mode [×106cm−3]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 1.8 4.6 3.3 5.1 4.6
1b 0.6 0.6 0.5 0.6 0.6
2a 18 17 21 20 22
2b 9.0 5.1 8.7 12 12
3a 0.5 0.5 0.5 0.4 0.4
3b 0.3 0.3 0.2 0.2 0.2
4a 2.2 6.5 3.3 3.8 4.2
4b 1.0 1.2 1.2 1.2 1.3
Particle number concentration : soot/accumulation mode
[×106cm−3]
Section 13/10/2004 10/12/2004 13/12/2004 08/04/2005 18/04/2005
1a 4.5 5.5 5.7 4.9 4.1
1b 2.0 1.7 1.8 2.8 2.0
2a 5.5 6.3 6.2 5.8 6.2
2b 2.5 2.2 3.0 2.7 3.0
3a 6.0 5.6 5.3 4.3 4.9
3b 2.5 2.0 1.7 1.8 2.0
4a 3.7 5.0 4.4 3.9 4.9
4b 2.4 2.8 2.6 2.9 3.5
A.2 Petrol passenger car
Car speed [km h−1] Engine speed [min−1]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 149±4 150±2 4402±122 4450±50
1b 150±4 147±2 4441±122 4344±71
3a 104±2 92±2 3076±111 2733±57
3b 104±1 92±2 3086±42 2732±48
4a 102±2 93±2 3812±67 3455±64
4b 104±2 92±2 3855±82 3427±63
CO2 [ppm] CO2 [vol.%]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 13023±2185 9611±1070 1.3±0.2 1.0±0.1
1b 3611±584 3804±300 0.4±0.1 0.4±0.0
3a 8348±1639 6357±848 0.8±0.1 0.6±0.1
3b 2906±254 2681±271 0.3±0.0 0.3±0.0
4a 11599±1146 8939±715 1.2±0.1 0.9±0.1
4b 2419±219 2304±205 0.3±0.0 0.2±0.0
NO2 [ppm] NO [ppm]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 0.3±0.3 0.1±0.0 0.7±0.8 0.3±0.2
1b 0.1±0.1 0.1±0.0 0.3±0.3 0.2±0.2
3a 0.4±0.3 0.1±0.1 2.9±1.8 0.4±0.4
3b 0.1±0.0 0.1±0.1 1.0±0.4 0.5±0.5
4a 0.4±0.2 0.2±0.1 2.8±1.8 1.2±0.8
4b 0.1±0.1 0.0±0.0 0.6±0.3 0.3±0.2
TExhaust [◦C] TPrandtl [◦C] TAerosol [◦C]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 399±12 428±11 112±15 95±9 66±15 51±8
1b 417±13 416±11 27±7 28±6 22± 5 22±4
3a 263±15 233±10 44±15 31±9 22±10 18±4
3b 272±12 224±14 9 ±2 9 ±1 8± 1 8±1
4a 284±10 247±12 56±13 41±9 34± 8 25±5
4b 281±13 248± 9 11±3 1 ±1 9± 2 10±1
T V aisala1 [◦C] T V aisala2 [◦C]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 9±2 11±0 46±8 54±2
1b 25±3 23±2 27±2 26±2
3a 10±1 11±1 29±3 24±2
3b 7±1 9 ±1 8±1 9±1
4a 9±1 12±1 29±2 28±2
4b 11±2 10±1 11±2 11±1
rH V aisala1 [%] rH V aisala2 [%]
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 39±4 33±2 15±6 10±2
1b 25±6 24±5 23±6 23±5
3a 44±4 40±3 36±7 43±12
3b 47±7 36±3 48±1 38±3
4a 47±4 37±4 35±7 35±8
4b 42±7 36±3 44±2 39±3








Particle number concentration [×104cm−3]
nucleation mode soot/accumulation mode
Section 07/03/2005 10/03/2005 07/03/2005 10/03/2005
1a 27 22 35 28
1b 8.2 8.7 12 6.9
3a 6.1 2.2 1.3 1.1
3b 2.4 4.1 1.0 1.3
4a 6.5 3.1 7.3 1.7
4b 1.8 2.2 1.3 1.3
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Referat
Es wurde ein flexibles Messsystem zur Messung von Anzahlgrößenverteilungen von Par-
tikeln, den Spurengasen NOx und CO2 sowie einiger thermodynamischer Parameter im
Abgasstrom eines Diesel-Pkw und eines Benzin-Pkw unter realistischen Fahrbedingungen
entwickelt. Das Messsystem besteht aus einem SMPS (Scanning Mobility Particle Sizer)
System, einem Multigas-Emissionsanalysator, Thermoelemnten, Vaisala-Sensoren, einem
Prandtl-Pitot-Rohr und einem Lyman-α-Hygrometer. Es wurde ein spezielles Einlasssys-
tem entwickelt, das variabel im Abgasstrom platziert werden kann.
Die Messfahrten wurden zwischen Oktober 2004 und April 2005, sowohl auf der Autobahn
als auch im Stadtverkehr, durchgeführt. Die Probenahme erfolgte dabei in einem Abstand
von bis zu 95 cm zum Auspuffrohr. Die Ergebnisse werden in dervorliegenden Arbeit
dargestellt und diskutiert. Darüber hinaus werden Emissionsfaktoren für die Partikelanzahl
individuell für beide Pkws bestimmt und mit Literaturdatenverglichen. Emissionsfaktoren
werden zum Beispiel für die Festlegung von Grenzwerten benötigt.
